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Ideas for my PhD began forming almost a decade ago, in Christmas 2005 
during a visit to Chiew Larn Reservoir, Thailand. I had been studying Phayre’s 
leaf monkeys in another part of the country, and met my parents in the south 
over the holidays. The reservoir was spectacular – surrounded by vertical 
mountains of gray karst piercing the sky and forest of sundry shades of green 
extending to the horizon – where we listened to calls of great hornbills, white-
handed gibbons, and leaf monkeys, of another species. That calling to nature – 
and particularly to the rainforest – I owe to my parents. Thank you, Mom and 
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There are over 7 billion people on the planet, but it really is a small world. In 
San Diego I was lucky to meet Tien Ming Lee, who introduced me to the 
legendary Navjot Sodhi in Ming’s city state home of Singapore. I moved to 
the Little Red Dot in 2010 to continue my PhD at the National University of 
Singapore with Navjot, who motivated me and stimulated my research in a 
way that no one had before. 
 
Though I had only known Navjot for little over a year, his loss was 
devastating. I am grateful to all lab members, alumni, and collaborators who 
came together and offered support after his death. With the aim to continue 
producing the best conservation science in the void that Navjot left, I must 
give special thanks to the Singapore Mafia of Lian Pin Koh, Tien Ming Lee, 
and Xingli Giam, collaborators from Australia, whether native (Barry Brook) 
or invasive (Bill Laurance, Corey Bradshaw), and elsewhere around the world, 
particularly to Fangliang He, Carlos Peres, and Peter Raven. 
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conduct research. I am tremendously grateful to all field assistants, particularly 
to Krum Nungnuam and Phairote Rhittikhun, respectively the most skilled 
forest man and boat man I have ever known. Thank you both – and your 
families, particularly Junpaa Rhittikhun – for welcoming me into your home. 
 
Research funding was provided by the National University of Singapore and 
the Ah Meng Memorial Conservation Fund, and my graduate fellowship was 
sponsored by the Singapore International Graduate Award and the President’s 
Graduate Fellowship. I thank staff of the Department of Biological Sciences, 
including Tommy Tan, Priscilla Li, Laurence Gwee, and particularly Reena 
Devi and Department Head Paul Matsudaira whose support never wavered. 
 
I thank committee members Roman Carrasco, Ryan Chisholm, and Richard 
Corlett for their time and constructive feedback on my dissertation. Ryan 
provided inspiration as I prepare to transition from life as a graduate student to 
life as a faculty member. For making that transition, I thank my fourth and 
final PhD advisor, David Bickford, who helped me think about the future. I am 
also grateful to Theo Evans for invaluable advice as I expand my research into 
other directions. 
 
I am forever indebted to my lab mate Brett Scheffers, who learned to climb 
trees for research based in Singapore and the Philippines. It probably saved 
my life in another part of the tropics. 
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Tropical forests hold half of all species on the planet, but are being rapidly lost 
or disrupted by agricultural expansion, logging, and other human enterprises. 
In my thesis, I examined the fate of biodiversity in modified tropical forests in 
three original ways. First, I compiled data from published studies around the 
global tropics and used a meta-analysis to assess the relative biodiversity value 
of regenerating, logged, and other disturbed forests. Second, I surveyed small 
mammal communities in forest fragments over multiple time periods to 
measure the rate of species loss – and thereby gauge the time available to avert 
extinctions in fragmented forest landscapes by implementing conservation 
actions. Third, I modeled projected biodiversity impacts of various scenarios 
combining different levels of deforestation and forest restoration to assess the 
potential of regenerating forests to offset biodiversity loss due to deforestation. 
My results highlight the vulnerability of tropical forests to substantial and 
rapid biodiversity loss and also identify the best strategies to stem this loss – 
by preserving remaining expanses of undisturbed forest, protecting modified 
forests with highest biodiversity value (e.g., logged forests), and rapidly 
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INTRODUCTION: The Extent and Status of Tropical Forests 
 
As human populations continue to expand, projected to exceed 9 billion by the 
middle of this century (United Nations 2013), ecosystems of the world upon 
which human society depends face mounting threats. Already, 75% of the 
world’s land surface has been utilized by human populations, leaving few 
areas free of human disturbance (Ellis & Ramankutty 2008, Ellis et al. 2010). 
Overall, growing human populations and land-use demands have made largely 
negative impacts on biodiversity (Pereira et al. 2012). Habitat loss – and other 
forms of land-use change – is the leading cause of biodiversity loss (Pimm et 
al. 1995, Brooks et al. 1999, Pimm & Raven 2000), which has escalated 
extinction to rates estimated to be 1000 times higher than normal (Pimm et al. 
2014). Sustaining biodiversity with future land-use demands presents one of 
the major challenges of the twenty first century (Foley et al. 2011, Lambin & 
Meyfroidt 2011, Ellis 2013). 
Tropical forests, which sustain the majority of all species (Dirzo & 
Raven 2003), have suffered severely. Half of the humid tropical forest biome 
has lost more than 50% of forest cover due to logging and forest clearance 
(Asner et al. 2009), and rates of deforestation are rising (Hansen et al. 2013). 
Even the quantity of biodiversity in this habitat remains uncertain; most 
species within tropical forests remain undescribed (Costello et al. 2013) and 
are concentrated in those regions with minimal human disturbance (Giam et 
al. 2011). Fires and logging operations have penetrated even the most remote 
tropical forests (Nepstad et al. 1999, Asner et al. 2009), threatening the 
unknown multitude of species that occupy the biologically richest habitat. 
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Despite these threats, many parts of the tropics are experiencing a 
forest transition, a shift from shrinking to expanding forest area (Mather 
1992), as forests regenerate in abandoned agricultural and other previously 
deforested lands. This transition is not just a shift in area, but is also usually a 
transformation in forest status as undisturbed “primary” forests are replaced by 
regenerating “secondary” forests and other reforested lands of unknown 
biodiversity value. This forest transformation  has been widespread: of 106 
tropical nations, 87 (82%) reported greater area of secondary forest than 
primary forest, and worldwide primary forests represent less than 30% of 
tropical forest cover (FAO 2010). Furthermore, most nations that have 
experienced forest transitions have simply exported land-use demand – and 
deforestation – to other countries (Meyfroidt et al. 2010). For example, though 
Vietnam experienced net gain in forest cover since the 1990s, this was 
accompanied by an increase in timber imports from neighboring countries 
(Meyfroidt & Lambin 2009). As such, although forest transition may relieve 
environmental pressures within an individual country, globally it could have 
detrimental impacts on forests and their biodiversity, especially if land-use 
demands are displaced to those countries that still sustain high cover of 
undisturbed forest (Meyfroidt et al. 2010). 
Some have argued that this forest transition will minimize extinctions 
due to deforestation, as species colonize and persist in regenerating forests 
(Wright & Muller-Landau 2006a). This perspective triggered a debate over the 
future of biodiversity in tropical forests (Brook et al. 2006, Wright & Muller-
Landau 2006b, Gardner et al. 2007, Laurance 2007, Bradshaw et al. 2009), 
which focused largely on two assumptions originally made by Wright & 
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Muller-Landau (2006a). The first argued that recent trends of decreasing rural 
populations will allow forests to regenerate on lands previously utilized for 
agricultural production. However, drivers of deforestation have changed over 
the past several decades, from smallholders clearing small patches of forest 
through 1985 to large-scale agribusiness industries clearing large expanses of 
forest since then (Rudel et al. 2009), and as such population trends in rural 
landscapes may not drive deforestation patterns. Indeed, recent deforestation 
patterns were found to be associated not with rural population change, but 
with urban population growth and agricultural exports (DeFries et al. 2010). 
Although regenerating forests have expanded throughout the tropics (Chazdon 
2014), land-use demands have resulted in a net loss of forest cover (Hansen et 
al. 2013), disputing the first assumption of Wright & Muller-Landau (2006a). 
Forest cover trends may change in the decades ahead, but even so the 
impact on biodiversity remains uncertain. The second assumption made by 
Wright & Muller-Landau (2006a) was that the biodiversity value of 
regenerating forests was equal to that of primary forests. Although the 
biodiversity value of secondary forests is uncertain (Gardner et al. 2007, 
Chazdon et al. 2009a), it is certainly lower than that of primary forests. But 
just by how much? Some studies have quantified the value of secondary 
forests (Dunn 2004, Bowen et al. 2007, Chazdon et al. 2009b, Dent & Wright 
2009), but many of these studies are based in young secondary forests which 
may not represent the potential of older secondary forests (Chazdon 2014). 
Further research is needed to measure the role of regenerating forests in 
sustaining biodiversity in tropical forest landscapes, which are changing 
rapidly due to expanding human enterprises. 
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The fate of biodiversity in tropical landscapes largely depends on the 
future of the remaining undisturbed forest patches and the species that inhabit 
them and the potential of regenerating forests to sustain those same species. 
Research and conservation efforts are greatly needed in both the last 
remaining wild lands and in recovering habitats, to establish a baseline and to 
assess the prospect of regenerating habitats to match that baseline (Ellis. et al. 
2010). That was the purpose of my dissertation. In whole, my thesis examines 
the current biodiversity status of undisturbed and a wide suite of modified 
tropical forests, the fate of biodiversity occupying remnant undisturbed forest 
patches, and the prospect of regenerating forests to stem the loss of 
biodiversity associated with deforestation. These chapters will contribute to 
our understanding of biodiversity in the richest habitat on the planet which is 
being altered in a way that could cause it to become something less. 
My thesis is divided into three chapters. In the first chapter, I selected 
the best available studies measuring the biodiversity value of undisturbed 
primary forests and adjacent modified forests. This literature review covered 
the widest range of modified forest landscapes to date, including agricultural 
croplands, pastures, and plantations, secondary forests, and selectively logged 
forests. I compared biodiversity values – relative to primary forests – across 
the different disturbed forest classes, across four taxonomic groups, and across 
four regions to identify patterns of biodiversity depletion. This chapter 
provides the first global assessment of the biodiversity value of different 
modified forest habitats, including regenerating forests, and could thereby help 
identify the best ways to manage agricultural production and conservation 
efforts in tropical landscapes. 
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As the wave of deforestation spreads across the tropics, much of the 
remaining forest persists in small isolated patches. Past studies have shown 
that the fragmentation of this habitat has profound effects on its resident 
biodiversity (Laurance et al. 2011), with fewer species persisting in smaller 
forest fragments. However, this loss of species occurs over some relaxation 
period, giving conservationists some time to avert extinctions by restoring 
forest connectivity. The second chapter of my thesis addressed this question. I 
resurveyed small mammals on forest islands in a hydropower reservoir in 
Thailand to measure rates of extinction in forest fragments. This research was 
based in Southeast Asia, which faces the highest deforestation rates of tropical 
regions (Achard et al. 2002, Mayaux et al. 2005, Hansen et al. 2013) and thus 
has the greatest urgency to assess rates of biodiversity depletion – and the 
window of time available for intervention – in fragmented landscapes. 
 The limited extent of undisturbed forest tracts and their vulnerability to 
biodiversity loss caused by fragmentation suggests that the future of tropical 
nature may depend on regenerating forests. I examined their prospect to 
sustain biodiversity in the third chapter of my thesis. Using recent 
deforestation rates, forest restoration targets, and species-area models, I 
compared biodiversity impacts of various scenarios that combine different 
levels of deforestation and forest restoration. 
 These chapters add to our understanding of the fate of biodiversity in 
tropical landscapes – whether in remnant undisturbed forest expanses, in 
modified forests, or in regenerating forests. The relative value of different 
forest types can help determine the best combination to sustain biodiversity in 
tropical landscapes, which are changing more rapidly than ever before.  
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CHAPTER 1: Primary Forests are Irreplaceable for Sustaining Tropical 
Biodiversity 
 
Human-driven land-use changes increasingly threaten biodiversity, 
particularly in tropical forests where both species diversity and human 
pressures on natural environments are high. The rapid conversion of tropical 
forests for agriculture, timber production and other uses has generated vast, 
human-dominated landscapes with potentially dire consequences for tropical 
biodiversity. Today, few truly undisturbed tropical forests exist, whereas those 
degraded by repeated logging and fires, as well as secondary and plantation 
forests, are rapidly expanding. Here I provide a global assessment of the 
impact of disturbance and land conversion on biodiversity in tropical forests 
using a meta-analysis of 138 studies. I analyzed 2,220 pairwise comparisons 
of biodiversity values in primary forests (with little or no human disturbance) 
and disturbed forests. I found that biodiversity values were substantially lower 
in degraded forests, but that this varied considerably by geographic region, 
taxonomic group, ecological metric and disturbance type. Even after partly 
accounting for confounding colonization and succession effects due to the 
composition of surrounding habitats, isolation and time since disturbance, I 
find that most forms of forest degradation have an overwhelmingly detrimental 
effect on tropical biodiversity. My results clearly indicate that when it comes 
to maintaining tropical biodiversity, there is no substitute for primary forests. 
 
Introduction 
As the extent of primary forests is shrinking throughout the tropics, a growing 
body of work has quantified the biodiversity values of degraded tropical 
forests. The ecological responses following forest conversion vary markedly 
across taxonomic groups, human impact types, ecological metrics and 
geographic regions (Barlow et al. 2007, Gardner et al. 2009, 2010, Stork et al. 
2009). Most studies, however, provide limited insight into the varied 
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responses of tropical forest biota to human impacts because they are 
understandably restricted to particular disturbance types (Dent & Wright 2009, 
Edwards et al. 2011), taxa (Hughes et al. 2002, Horner-Devine et al. 2003) 
and geographic regions (Sodhi et al. 2009). Therefore, their often contrasting 
conclusions might have clouded ongoing debates over the conservation value 
of modified forest ecosystems (Laurance 2007). A comprehensive meta-
analysis of the conservation value of human-modified tropical forests is 
therefore sorely lacking. Notably, such an assessment could provide a critical 
baseline for monitoring progress towards global conservation targets (Walpole 
et al. 2009), evaluate the biodiversity benefits of international carbon-trading 
initiatives to reduce emissions from deforestation and forest degradation (for 
example, the United Nations REDD+ program; Harvey et al. 2010, Strassburg 
et al. 2010), and guide policy development through the integration of 
biodiversity data into the modeling of land-use change scenarios (Sala et al. 
2000, Koh & Ghazoul 2010b, Pereira et al. 2010). 
Here I conduct a global meta-analysis to measure the varied effects of 
land-use change and forest degradation on biodiversity in tropical forests. 
From an exhaustive literature search, I identified 138 studies that reported 
measures of biodiversity from multiple sites in both primary and disturbed 
tropical forests. I necessarily assumed that all ‘primary forests’ referred to in 
my source literature are largely old-growth forests that have experienced little 
to no recent human disturbance, although I recognize that in reality few 
primary forests are likely to be genuinely pristine. Primary forests are starkly 
differentiated from disturbed sites, which encompass the full spectrum of 
degraded and converted forest types, including selectively logged forests, 
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secondary forests and forests converted into various forms of agriculture. In 




I searched for all relevant research articles published between 1975 and 
October 2010 using Web of Science and BIOSIS with the search query (TS = 
[(bird* OR mammal* OR reptile* OR amphibia* OR arthropod* OR plants* 
OR lepidoptera* OR hymenoptera* OR arachnid* OR coleoptera* OR 
diptera* OR homoptera* OR isoptera*) AND (clear-cutting* OR log* OR 
deforestation* OR fire* OR agriculture conversion* OR disturbance* OR 
degradation* OR secondary forest* OR plantation* OR fragment*)]). From 
this list, I reviewed articles and retained those studies that (i) included 
measures of biodiversity at multiple sites in both primary and disturbed 
tropical forests, (ii) indicated that the primary forests had little or no human 
disturbance and (iii) reported variance measures for biodiversity responses. I 
defined primary forests as primary or old-growth forests that have never been 
clear-felled and have been impacted by little or no known recent human 
disturbance. 
For each study, I recorded the biodiversity measures in both primary 
and disturbed forest sites. For those studies that reported results in figures 
only, I extracted results using DATATHIEF (http://www.datathief.org). The 
full data set is available online at http://www.nature.com/nature/journal/v478/ 
n7369/full/nature10425.html. For each comparison, I recorded the region 
(Africa, Asia, Central America (including Mexico), South America) and broad 
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taxonomic group (arthropods, birds, mammals, plants). Although arthropods 
span diverse groups with potentially differing responses to human impacts 
(Barlow et al. 2007), my sample included predominantly insects (Coleoptera, 
29.2%; Hymenoptera, 22.9%; Lepidoptera, 22.6%) and I therefore treated it as 
a single group but reported differences between the three major insect orders 
represented. Mammals also comprised different groups, and I differentiated 
between bats (51.0%), large mammals (2.6%), primates (3.7%), small 
mammals (28.2%) and a miscellaneous group (14.4%). 
I classified the biodiversity measure into five response metrics: 
abundance (for example density, capture frequency, occupancy estimates and 
biomass); community structure and function (for example abundance of 
different guilds (generalists, herb specialists and so on), proportion of trait 
states and individual weight); demographics (for example density of different 
age classes (adults/juveniles/saplings/seedlings), fruit/flower production and 
genetic measures); forest structure (for example canopy height/cover/ 
openness, basal area, litter depth, diameter at breast height and other physical 
structural measurements, and density of trees of a given diameter at breast 
height); and richness (for example observed/estimated/rarefied richness, 
species density and genera/family richness). I omitted diversity indices (n = 
151; for example Fisher’s alpha, Shannon–Wiener, Simpson’s and Margalef’s) 
because they were usually secondary (derived) measures of abundance and/or 
richness and are not straightforward to interpret. 
I recorded the disturbance type as specified by the authors of the 
source literature, which formed twelve distinct groups: abandoned agriculture, 
active agriculture, agroforestry, burned forests, clear-cut forests, disturbed/ 
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hunted forests, other extracted forests, pastures, plantations, secondary forests, 
selectively logged forests and shaded plantations. To avoid an inadequate 
treatment of forest fragmentation, which is an important topic, I necessarily 
excluded data on forest fragments. However, I recognize that remnant forest 
fragments, particularly large ones, in heavily human-modified ecosystems 
might be critical for biodiversity persistence. 
In addition, and where available, I collected data on patch size, 
surrounding habitat type, isolation distance and time since disturbance (Prugh 
et al. 2008, Sodhi et al. 2009). I categorized the predominant surrounding 
habitat of disturbed forests into five broad groups: natural vegetation (that is, 
primary and selectively logged forests), agriculture, disturbed forests, pastures 
and tree plantations. Using maps and/or geo-referenced locations from the 
source literature, I calculated isolation distance as the mean distance between 
disturbed sites and the nearest primary forest site to account for colonization 
effects for a smaller set of the data. I measured time since disturbance as the 
amount of time that had elapsed between the most recent form of disturbance 
and the time of study, as indicated by the authors of the source literature, to 
account for post-disturbance and time-lag effects. I excluded patch size or area 
information from the analysis largely as a result of ambiguity and extremely 
low sample size (22.6% of the comparisons provided this information for 
disturbed sites). The potential confounding effects of area have already been 
acknowledged in detail elsewhere (Sodhi et al. 2009). 
 
Meta-analysis 
For each comparison, I calculated Hedges’ g, the difference between primary 
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and disturbed group means standardized using the pooled standard deviation 



















Because Hedges’ g is a biased estimator of population effect size, I used the 
conversion factor J to compute a bias-corrected metric, g* (Borenstein et al. 








I then calculated the average effect size using the random-effects model, 
where effect sizes of individual comparisons are weighted by the inverse of 
within-study variance plus between-study variance (Borenstein et al. 2009). 
For individual comparisons, I defined the effect size as positive for 
comparisons where the biodiversity value was higher in primary forest (such 
that a positive effect size indicates a more detrimental impact by the 
disturbance type). For a small subset of comparisons where the expected value 
would be lower in primary forest (n = 180, 8.1% of all pairwise comparisons; 
for example measures of saplings/seedlings/juveniles, early/mid-successional 
12 
species, non-forest/open-forest species, common/generalist/visitor species, 
trees of diameter at breast height <10  cm, dead/new trees and mortality/ 
recruitment rates), I defined the effect size as negative for comparisons where 
the biodiversity value was higher in primary forest. As results might be 
affected by the selection of comparisons with an opposite expectation of the 
direction of the effect, I repeated the procedure after omitting those 
comparisons. This led to an effect size of 0.45 (0.38–0.52), within the error of 
the effect size for the full data set, suggesting that my expectation did not 
affect the results (see Supplementary Table 1 in Appendix I). 
I calculated the effect size for the entire data set, for each subgroup of 
the four variables (region, taxon, response metric and disturbance type) and 
for each of the six two-level combinations of the four variables (for example 
disturbance type × region) (Figure 1.3, see also Supplementary Figure 1 and 
Supplementary Tables 2–4 in Appendix I). For all combinations, I repeated 
this procedure after resampling the random-model effect size calculations 
using 10,000 bootstrap samples (with replacement), from which I generated 
95% confidence intervals (Efron & Tibshirani 1991). To address potential 
spatial and temporal autocorrelation from studies that included several 
comparisons (for example multiple measurements of the same taxa, 
measurements of multiple taxa and measurements of multiple disturbance 
types), I repeated this procedure after resampling one comparison per study, 
again using 10,000 bootstrap samples (see Supplementary Table 1 in 
Appendix I). However, some autocorrelation (largely only spatial) remains 
because several studies were situated in the same site (Figure 1.1), although 
probably not as pronounced as above. To account for the potential influence of 
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the surrounding habitat, I repeated the above calculations for a subset of the 
data set with natural surrounding habitat (70.1% of data; see Supplementary 
Table 1 in Appendix I). 
I tested for publication bias using two methods to assess whether 
calculated effect sizes were affected by the possible absence of studies not 
published owing to a failure to detect differences (Borenstein et al. 2009). 
First, I visually examined a funnel plot of effect size plotted against standard 
error to assess the symmetry of study precision around effect size (see 
Supplementary Figure 3 in Appendix I). The relatively symmetrical funnel 
plot suggests there is no relationship between effect size and study size, and 
that those studies with small (or negative) effect sizes do not have a lower 
probability of being published. Second, I sorted the data set by precision, from 
comparisons with small standard errors to those with large standard errors, and 
examined the change in cumulative effect size with the addition of the most 
imprecise studies (see Supplementary Figure 4 in Appendix I). Although the 
addition of the most imprecise third of comparisons (those with the largest 
standard errors) does cause the cumulative effect size to increase, the effect 
size remains positive and the 95% confidence interval does not overlap with 
zero at any point after the first 163 comparisons. I conclude that the impact of 
publication bias in this study is slight (Borenstein et al. 2009). 
 
Generalized linear models 
Following Sodhi et al. (2009), I performed an information-theoretic evaluation  
of a candidate set of generalized linear models (GLMs) to examine the 
influence of a set of hypothesized factors on the ecological responses 
14 
tabulated. The GLM related the Hedges’ g* effect size to the categorical 
predictor variables region, taxonomic group, metric and disturbance type in 
the 15 possible variable combinations (see Supplementary Table 5 in 
Appendix I). I also evaluated the null (intercept-only) model, in which only a 
mean effect size is estimated (that is, no correlates). As with the meta-analysis, 
I accounted for pseudoreplication by selecting a random subset of the full data 
set, such that only one observation from each study was fitted using GLMs, 
and repeating the fitting procedure a total of 10,000 times. Model comparisons 
and subsequent inference (using relative weights of evidence) were based on 
the small-sample-size-corrected Akaike’s information criterion (AICc; 
Burnham & Anderson 2002), whereby a measure of Kullback-Leibler 
information loss (a fundamental conceptual measure of the relative distance of 
a given model from full reality, assumed to be represented in the model set) is 
derived and used as an objective basis for ranking the bias-corrected 
likelihood of models in an a-priori candidate set (thereby yielding an implicit 
estimate of model parsimony). The highest-ranked models according to AICc 
are those that explain the most substantial proportion of variance in the data 
yet exclude unnecessary parameters that cannot be justified for inference on 
the basis of the data (Burnham & Anderson 2001). For the randomized GLM 
fits, I calculated the proportion of times each model was selected as the top-
ranked model (πi), on the basis of AICc. I used the percent deviance explained 
to represent the structural goodness of fit of each model, with the 95% 
confidence interval of the percent deviance explained estimated as the 2.5 and 
97.5 percentiles of the 10,000 sample fits. I repeated the above analysis using 
only data with natural surrounding habitat, and using isolation distance and 
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time since disturbance as additional predictor variables, thus increasing the 
possible variable combinations to 64 (including the null model; see 
Supplementary Table 5 in Appendix I). All statistical analyses and figures 
were made using R, version 2.11.1 (R Development Core Team 2011). 
 
Results and Discussion 
Overall, human impacts reduced biodiversity in tropical forests, although the 
effect size varied by region, taxonomic group, metric and disturbance type 
(Figure 1.2). The median effect size for all 2,220 pairwise comparisons from 
138 studies was 0.51 (95% confidence interval, 0.44-0.58) (see Supplementary 
Table 1 in Appendix I). This changed little when I accounted for 
pseudoreplication from studies that reported multiple comparisons, using a 
resampling procedure in which one comparison per study was randomly drawn 
for 10,000 samples, yielding an overall effect size of 0.57 (0.35-0.79; see 
Supplementary Table 1 in Appendix I). My results are also robust to 
publication biases (see Methods). The surrounding habitat might either 
ameliorate (if hospitable) or exacerbate (if hostile) the impact of forest 
disturbance on biodiversity (Prugh et al. 2008). Although data are lacking for 
a thorough analysis, to account partly for this effect I repeated the analysis 
using only those studies that had natural vegetation (that is, primary and 
selectively logged forests) as the surrounding habitat (70.1% of all pairwise 
comparisons). Using this subset, I detected no substantial change in either the 
direction or the magnitude of effect sizes for the full data set (0.58, 0.49-0.68), 
or for each of the variables described below (see Supplementary Table 1 in 
Appendix I). 
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  I found that human impacts on biodiversity varied by region. Although 
the data set is highly comprehensive, it is still limited given the vast extent of 
tropical forests and the myriad ways in which humans disturb them (Peres et 
al. 2006). Asia (52 studies) and South America (47) were the subjects of 
considerably more studies than were Central America (27) and Africa (12) 
(Figure 1; see also Supplementary Table 1 in Appendix I). This regional bias 
implies that my findings might be more generalizable to Asia and South 
America than to other tropical regions. More critically, it highlights an urgent 
need for more research, particularly in Africa, which sustains the second 
largest contiguous tropical forest in the world (Gardner et al. 2005). Despite 
this important caveat, I found that Asia harbors the most sensitive biota, 
producing an effect size of 0.95 (0.83–1.08), which is substantially higher than 
that of the other three regions (Figure 1.2a). This highlights the great toll 
human land-use changes are exacting in Asia, particularly in Southeast Asia, 
which most Asian studies (44 of 52) considered. Recent and widespread 
expansion of oil palm monoculture and exotic-tree plantations has greatly 
modified forest habitats in this region (Koh & Wilcove 2008), but all forms of 
human impact were higher in Asia than elsewhere (Figure 1.3a), suggesting 
that this regional pattern holds regardless of disturbance type. My results  
Figure 1.1: Map of study sites by country and by study location. Country color represents the 
number of studies per country (n = 28 total countries) and circle size represents the number of studies 
at each site (n = 92 total sites; only 82 sites with Global Positioning System coordinates are shown). 
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Figure 1.2: Box plots of bootstrapped effect size by (a) region, (b) taxon, (c) response metric, and 
(d) disturbance type (omitting clear-cut and disturbed/hunted owing to small sample sizes, that is, 
<50 comparisons). Plotted are median values and interquartile ranges of 10,000 resampled (with 
replacement) effect size calculations for each group. Widths of notches in box plots approximate 
95% confidence intervals. Median value for forest species richness (FSR) is plotted for 
comparison. The vertical black and grey dashed lines represent an effect size of zero and the 
median effect size for the entire data set, respectively. Sample size is shown in parentheses. 
highlight the critical need to mitigate particularly detrimental human impacts 
in Asia (Sodhi et al. 2004). 
Most taxonomic groups I assessed were negatively affected by 
disturbance, with effect sizes greater than 0.5 (Figure 1.2b; see also 
Supplementary Figure 1b in Appendix I). However, mammals were less 
sensitive to the disturbances measured and, in some instances, actually 
benefitted from human disturbance, with an effect size of -0.12 (-0.24 to -
0.01). This disparity, largely due to higher mammal abundances in certain 
disturbance types (Figure 1.3b; see also Supplementary Table 3 in Appendix 
I), might arise because of mammals’ high tolerance of degraded forests and 
18 
forest edges (Daily et al. 2003), 
particularly among small 
mammals (-0.04, -0.27 to 0.20) 
and bats (-0.24, -0.42 to -0.06), 
which dominated most studies on 
mammals (see Supplementary 
Table 1 in Appendix I). At the 
other extreme, birds were the 
most sensitive group, with an 
effect size of 0.72 (0.52-0.93). 
These results varied by 
disturbance type; birds 
constituted the group most 
sensitive to forest conversion 
into agriculture (active 
agriculture, abandoned agriculture and agroforestry systems), whereas plants 
constituted the group most sensitive to burned forests and shaded plantations 
(Figure 1.3a; see also Supplementary Table 2 in Appendix I). The effect size 
for arthropods (0.64, 0.52-0.78) when further differentiated into the three main 
taxonomic orders revealed some differences: Coleoptera was more sensitive to 
disturbance (1.01, 0.75-1.30) than were Hymenoptera (0.41, 0.11-0.69) and 
Lepidoptera (0.58, 0.28-0.89) (see Supplementary Table 1 in Appendix I). In 
general, my findings reflect a paucity of information about most of the world’s 
tropical biota; more data are needed to understand the ecological mechanisms 
underlying the differing vulnerability of taxa to human disturbance (Gardner et 
Figure 1.3: Box plots of bootstrapped effect size by (a) 
disturbance type and (b) response metric, as in Figure 
1.2. Median effect size is also plotted as a function of 
region and taxon, with overlapping points stacked: 
Af, Africa; As, Asia; CA, Central America; SA, South 
America; a, arthropods; b, birds; m, mammals; p, 
plants. Vertical lines are as in Figure 1.2. 
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al. 2007). 
The source literature I considered used various measures of 
biodiversity, which I broadly differentiated into five response metrics: 
abundance, community structure and function, demographics, forest structure, 
and richness (see Methods, Figure 1.2c; see also Supplementary Figure 1a in 
Appendix I). Of these, abundance and richness were the most commonly 
reported metrics, together comprising over three-quarters of all pairwise 
comparisons. Richness (0.83, 0.72-0.95) was markedly more sensitive to 
human disturbance than abundance (0.19, 0.07-0.31) (Figures 1.2c and 1.3b; 
see also Supplementary Tables 2 and 3 in Appendix I). This result accords 
with expectations, given observations of large increases in the abundance of 
generalist species following similarly large declines in richness in degraded 
tropical forests (Gardner et al. 2009, Terborgh et al. 2001). Furthermore, my 
measure of richness was predictably conservative because it assessed both 
forest specialists and generalists; when restricted to forest specialists (n = 70 
comparisons), the effect size for species richness increased to 1.16 (0.69-1.65) 
(Figure 1.2c; see also Supplementary Table 1 in Appendix I). Measures of 
forest species richness therefore could serve as a simple yet effective metric to 
assess the conservation value of tropical forests and the relative impacts of 
different patterns of human modification, particularly during the early stages 
of forest conversion when conservation actions are most urgently needed. 
I identified 12 general forest disturbance or conversion classes, and all 
but one of those with adequate sample sizes had effect sizes greater than 0.4 
(see Supplementary Table 1 in Appendix I). In general, agricultural land-use 
classes (abandoned and active agricultural sites) had a much greater impact 
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than agroforestry systems and plantations (both shaded and unshaded) (Figure 
1.2d). As the single exception, selectively logged forests (largely those 
affected by a single cutting cycle) had a much smaller, yet still positive, effect 
size of 0.11 (0.01-0.20). This is consistent with previous studies showing that 
selectively logged forests retain a high richness of forest taxa (Edwards et al. 
2011). Although these findings suggest that logged forests could contribute to 
biodiversity conservation, there are several caveats that need consideration: (i) 
if logged forest sites are adjacent to primary forests, spill-over effects might 
exaggerate the species richness of logged forests (acting as sink habitats; 
Prugh et al. 2008); (ii) the proximity of logged forests to primary forests might 
also result in species extinction debts that are repaid over lengthy periods of 
time, beyond the timescale of the short-term studies that comprise most of the 
data set (83.6% had a time since disturbance of ≤12  yr); (iii) repeated logging 
might further exacerbate these biodiversity impacts; and (iv) the networks of 
forest roads created by logging operations might facilitate human immigration 
to forest frontiers and trigger associated increases in fires and forest 
conversion (Laurance et al. 2009). As selective logging continues to expand 
across the tropics (Asner et al. 2009), understanding its long-term impacts and 
interactions with other forms of disturbance such as fire and invasive species 
(Gardner et al. 2009) will become increasingly important for the conservation 
of tropical biodiversity. 
In contrast with the relatively benign selectively logged forests, 
secondary forests of varying ages had an intermediate effect size of 0.41 (0.28-
0.54). It has been suggested recently that secondary forests can be an effective 
complement to primary forests in supporting tropical biodiversity, and should 
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therefore represent a priority for conservation (Dent & Wright 2009). 
Although the wide variety of secondary forests measured vary markedly in 
biodiversity value depending on forest age and land-use history, this meta-
analysis demonstrates that secondary forests invariably have much lower 
biodiversity values than do remnant areas of relatively undisturbed primary 
forest (see Supplementary Table 2 in Appendix I). Although regenerating 
degraded areas can greatly increase the long-term persistence of biodiversity 
in severely modified landscapes (Chazdon 2008), my findings suggest that 
protecting remaining primary forests and restoring selectively logged forests 
are likely to offer the greatest conservation benefits for tropical biota. 
I tested the relative importance of the above-mentioned ecological 
correlates in explaining the effect size. I used an information-theoretic 
approach to evaluate the performance of a candidate set of generalized linear 
models. After controlling for pseudoreplication from studies, the most 
parsimonious model in predicting the impact of anthropogenic forest 
disturbance on effect size was the null model (selected in 37.3% of 10,000 
iterations), with the models ‘Region’ (23.1%) and ‘Response metric’ (14.4%) 
ranked second and third, respectively (Supplementary Table 5). This result 
also holds for a data set that includes only studies with natural vegetation as 
the surrounding habitat (n = 1,557), as well as for a smaller subset of data with 
information on time since disturbance and mean isolation distance (n = 630; 
accounting for variation in colonization and succession effects; Prugh et al. 
2008) (see Supplementary Figure 2 and Supplementary Table 5 in Appendix 
I). My analysis of generalized linear models showed that the observed 
detrimental disturbance effects are essentially universal and that correlates 
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such as region, taxonomic group, disturbance type and ecological measure 
have little impact on the effect size. 
This meta-analysis provides a global assessment of the relative 
conservation value of a broad range of human-modified tropical forests. My 
results demonstrate that forest conversion and degradation consistently and 
greatly reduce biodiversity in tropical forest landscapes. As an exception, 
selective logging of forests has a much lower detrimental effect on measured 
biodiversity responses, implying that ecological restoration of such areas could 
help to alleviate threats to tropical biodiversity. Overall, however, I conclude 
that primary forests are irreplaceable for sustaining tropical biodiversity. 
Consequently, any efforts to preserve biodiversity should prioritize the 
protection of existing undisturbed forest areas. The balance between 
preserving intact forest areas and developing agricultural resources to sustain 
growing human populations continues to present one of the greatest challenges 
to tropical biodiversity conservation in the twenty-first century. 
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CHAPTER 2: Near-Complete Extinction of Native Small Mammal Fauna 
25 Years After Forest Fragmentation 
 
Tropical forests continue to be felled and fragmented around the world. A key 
question is how rapidly species disappear from forest fragments and how 
quickly humans must restore forest connectivity to minimize extinctions. I 
surveyed small mammals on forest islands in Chiew Larn Reservoir in 
Thailand 25 to 26 years after isolation to compare to earlier surveys 5 to 7 
years after isolation and observed the near-total loss of native small mammals 
within 5 years from <10-hectare (ha) fragments and within 25 years from 10- 
to 56-ha fragments. Based on my results, I developed an island biogeographic 
model and estimated mean extinction half-life (50% of resident species 
disappearing) to be 13.9 years. These catastrophic extinctions were probably 
partly driven by an invasive rat species; such biotic invasions are becoming 
increasingly common in human-modified landscapes. My results are thus 
particularly relevant to other fragmented forest landscapes and suggest that 




Rapid deforestation poses a major threat to one of the planet’s greatest 
bastions of biodiversity, tropical forests (Archard et al. 2002, Dirzo & Raven 
2003, Asner et al. 2009, Gibson et al. 2011). Whether by chance or design, 
small fragments of forest typically persist in the aftermath of deforestation, 
effectively islands within a sea of agriculture, urbanization, or other modified 
lands that are unsuitable for most forest species (Broadbent et al. 2008, 
Laurance et al. 2009). Many of the species that originally occupied the forest 
will disappear from these isolated fragments, but this loss occurs over a 
relaxation period until a new, more depauperate equilibrium community is 
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reached (Diamond 1972). The number of species that will ultimately disappear 
from a forest fragment – its “extinction debt” (Tilman et al. 1994) – will vary 
based on the size of the fragment, its surrounding habitat, the vagility of its 
constituent and neighboring species, and its distance from source populations 
(Prugh et al. 2008). 
Extinctions can be averted by reducing deforestation rates and 
reforesting fragmented forest landscapes (Wearn et al. 2012). However, it 
remains uncertain how quickly such actions must be taken and what minimum 
fragment size is required to maintain functioning biotic communities. For 
1000-ha forest fragments in Kenya, half of the total bird extinctions are 
projected to occur within 50 years, giving conservationists some time to 
mitigate conditions in large fragments (Brooks et al. 1999). However, for 
smaller fragments, relaxation times are generally much more rapid (Halley & 
Iwasa 2011, Laurance et al. 2011), and for ≤100-ha fragments, half of their 
original species can disappear within 15 years (Ferraz et al. 2003). Most 
studies of extinctions from forest fragments have focused on birds (Brooks et 
al. 1999, Ferraz et al. 2003, Halley & Iwasa 2011, Laurance et al. 2011), and 
little is known about the sensitivity of other taxonomic groups. 
I surveyed small mammals on forest islands in a reservoir at different 
times after isolation to assess the rate of species loss from forest fragments. 
Reservoirs can form useful natural laboratories to estimate extinction rates 
from isolated forest patches (Diamond 2001, Feeley & Terborgh 2008), which 
was the aim of this study. By comparing my results with an earlier survey 
(Lynam & Billick 1999), I was able to determine the rate of extinction on 
forest fragments and their vulnerability to biodiversity loss. 
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Methods 
Field site and small mammal surveys 
Chiew Larn Reservoir in Surat Thani province, Thailand was formed in 1986–
1987 when 165 km2 of forest was flooded, creating over 100 islands in the 
process (Nakhasathien 1989). The reservoir is surrounded by two protected 
areas that form part of the largest (>3500 km2) contiguous forest area in 
southern Thailand (Figure 2.1). Small mammals were surveyed on 12 islands 
in the reservoir 5 to 7 years after isolation (1992-1994, Lynam & Billick 
1999), ranging in area from 0.3 to 56.3 ha with most less than 5 ha (Table 2.1). 
I resurveyed these same 12 islands 25 to 26 years after isolation (2012-2013). 
To ensure findings from the few large islands were representative, I sampled 
four additional large islands in 2012-2013. All surveyed islands were 
unoccupied by humans, and most were in the upper reservoir where there are 
more islands and where there is little human disturbance.
 
Figure 2.1: Islands sampled in Chiew Larn Reservoir, Thailand. The reservoir is surrounded by 
protected forest areas in Khao Sok National Park to the south and west (shaded dark green) and 
Khlong Saeng Wildlife Sanctuary to the north and east (shaded light green). The 12 islands 
sampled during all surveys are labeled by island number (sensu Lynam & Billick 1999), and the 
additional four islands surveyed in my recent surveys are labeled X1 to X4. The dam is located in 
the lower right corner of the figure. The location of the reservoir in southern Thailand is shown in 
the regional map inset. 
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I used sampling methods identical to those used in previous surveys to 
survey small mammal communities. Sampling effort was roughly proportional 
to island area (log10 transformed), such that there was 1 trapping transect on 
small islands (~ 1 ha), 4-5 transects on medium islands (~ 10-25 ha), and 
approximately 8-10 transects on large islands (~ 50 ha) (Schoereder et al. 
2004). Consequently, larger islands were sampled more intensively than 
smaller islands on an absolute basis, but less intensively per unit area. 
Trapping transects spanned 135 m. In each transect, 10 Tomahawk live traps 
were placed on the ground at every 15 m, and 4 Sherman live traps were 
mounted on lianas or fallen trees 0.5-2 m above the ground every 45 m. Traps 
were baited with a mixture of bananas and coconut pieces covered in peanut 
butter. Each island was sampled for seven consecutive days and traps were 
checked before 11:00 am to ensure the safety of trapped animals. 
Captured animals were handled briefly for identification, marked using 
ear tags, and released unharmed within a few minutes. Species were identified 
using a regional guidebook (Francis 2008). To identify the Rattus species 
dominating islands in the reservoir, I collected tissue samples from multiple 
sites in the reservoir; all individuals were identified as Rattus tiomanicus by J-
F. Cosson using genetic markers. 
 
Island biogeographic models 
To compare the number of species on islands between different sampling 
periods, I applied a generalized linear model with a gamma error distribution 
and log-link function to account for the non-normal nature of the response 
variable and for predictor heteroscedasticity. I compared and ranked models 
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using Akaike’s information criterion corrected for small sample sizes (AICc), 
an information-theoretic index of model probability (Burnham & Anderson 
2002, Link & Barker 2006). I assessed each model’s relative probability using 
AICc weights (wAICc) and its structural goodness-of-fit via its percent 
deviance explained (%DE). 
I developed an island biogeographic model to predict the number of 
species on forest fragments after time since isolation. Before isolation, the 
equilibrium number of species on an island is assumed to follow a power-law 
model (Arrhenius 1921) 
zcAS =0     (1) 
whereby S0 is the initial number of species on an island before isolation, a is 
the area of the island, and c and z are constants. Simple power-law species-
area relationships generally perform best across datasets (Triantis et al. 2012). 
The theory of island biogeography postulates that the change in the 
number of species on an island would be 
EISS tt −+=+1    (2) 
where St+1 and St are the number of species at times t+1 and t, respectively, I 
is the number of new species immigrating to an island during the elapsed time 
interval (t, t+1), and E is the number of extinctions (including permanent 
emigration) on an island during the elapsed time interval. There are several 
ways to define I and E. For example, they can be functions of island size and 
the number of resident species on the island. The number of parameters can 
quickly increase if I consider both area and number of species for each 
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whereby Sm is the species pool on the mainland, and I0 and E0 are immigration 
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where S0 is the richness on an island before isolation, as defined by model (1) 
as the equilibrium number of species of the original system. Substituting 
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where S∞ is the number of species at relaxation (i.e., when t→∞). The model 
presented in results fits the data well (R2 = 0.783; Figure S1 in Appendix II). 
I also considered other species-area relationship (SAR) models for S0 
in model (1) and replaced the power-law S0 in models (4) and (5) by those 
models. Two particular models that have been used to model SAR for 
relatively small areas (as in this study) are the Gleason (𝑆! = 𝑐 + 𝑧log(𝑎)) 
(Legendre 1996) and Kobayashi models (𝑆! = 𝑐log(1+ a 𝑧)) (Kobayashi 
1975). With the Kobayashi SAR, model (5) fit the data as well (R2 = 0.783) as 
the power-law model (see Figure S1 in Appendix II), but model (5) with the S0 
Gleason SAR substitution provided a poorer fit (R2 = 0.704). I therefore only 
present results based on the more common power-law model in the results. 
I completed all statistical analyses and figures using the R statistical 
package, version 2.12.2 (R Development Core Team 2011). 
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Results and Discussion 
I found that native small mammal communities disappeared rapidly after 
fragmentation. By 5 to 7 years after fragmentation, three large islands in the 
sample (10 to 56 ha) sustained 7 to 12 species of small mammals (Table 2.1), 
which was similar to diversity found on the nearby mainland (Lynam & 
Billick 1999). However, on nine small islands (<10 ha), species richness 
rapidly declined to just one to three species during these initial surveys. After 
25 to 26 years, native small mammals had virtually disappeared from all 16 
islands (Table 2.1, Figure 2.2; see also Figures S1 and S2 and Table S1 in 
Appendix II). Species richness on islands was most strongly correlated with 
area, but there was an important contribution of time since isolation, as well as 
a weak negative interaction between area and time since isolation (see Table 
S2 in Appendix II). I also surveyed small mammal communities in the 
mainland forest surrounding the reservoir and detected no similar decrease in 
diversity (see Table S3 in Appendix II). 
Table 2.1: Number of small mammal species found on 
islands 5 to 7 years and 25 to 26 years after isolation. 
The maximum number of species observed on each 
island is reported. Islands X1 to X4 were only 







6 56.3 12 5 
5 12.1 9 3 
9 10.4 7 1 
28 4.7 2 2 
7 1.9 3 2 
33 1.7 1 1 
3 1.4 2 1 
41 1.1 3 1 
39 1.0 3 1 
40 0.8 2 1 
2 0.4 2 1 
16 0.3 2 1 
X1 23.5  2 
X2 10.1  2 
X3 24.4  2 
X4 21.2  1 
Figure 2.2: Small mammal species richness per 
transect in large (10.1 to 56.3 ha, n = 7) and small 
(0.3 to 4.7 ha, n = 9) islands 5 to 7 years and 25 to 
26 years after isolation. Plotted are median values, 
interquartile ranges, and full ranges (outliers are 
plotted as open circles). Upper dashed line marks 
the number of small mammal species found in 
mainland forest (Lynam & Billick 1999). 
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I derived an island biogeographic model to estimate the number of 
species occupying forest fragments before isolation and calculate the rate of 





where St is the number of species at time t, a is island area, and t is time since 
isolation. This model fitted the data well (coefficient of determination = 0.783, 
see Figure S3 in Appendix II) and predicted that, before isolation, the largest 
island (56 ha) had 15.5 species and the smallest island (0.3 ha) had 1.2 species. 
For all islands, the mean time to extinction of half of the resident species (t1/2) 
was 13.9 ± 3.9 years. Full relaxation to just one species was projected to occur 
within 40 years, regardless of fragment size (Figure 2.3a). I also constructed a 
variant of the extinction-immigration component and considered two other 
species-area relationship models (Kobayashi and Gleason) in addition to the 
Arrhenius power-law model; results differed little from those derived above 
(see Methods). Modeled extinction rates are similar to those observed by 
Ferraz et al. (2003), who found that 100-ha forest fragments in the central 
Amazon lost half of their understory bird species in less than 15 years. 
However, my results diverge with the unexpected finding that species 
diversity declined faster on larger than on smaller islands (Figure 2.3b), with 
the former having a shorter extinction half-life (Figure 2.3c). This is a result of 
the catastrophic faunal collapse I documented across the entire archipelago of 
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Figure 2.3: Loss of species from forest fragments of various sizes based on best-fitting model. (a 
and b) Number of species remaining and number of species lost per year on fragments after time 
(in years) since isolation. (c) Time to extinction of half of the species (t1/2) initially present on forest 
fragments according to fragment area. 
fragments, so that larger islands, which initially sustained the most species and 
the most forest specialists, exhibited the most rapid rate of species loss. 
With few exceptions, only the Malayan field rat Rattus tiomanicus 
remained on islands 25 years after isolation (see Table S1 in Appendix II). 
Commensal rodents such as R. tiomanicus are among the most common 
invasive species worldwide and often have a devastating effect on native 
fauna, particularly birds (Blackburn et al. 2004, Harris & Macdonald 2007, 
Jones et al. 2008, Harris 2009). R. tiomanicus does not occur naturally in 
undisturbed tropical forests of Southeast Asia, but is common in secondary 
forests, agricultural areas, and villages (Francis 2008) and probably spread 
from such habitats to islands and reservoir fringes after inundation. By the 
time I had resurveyed islands 25 to 26 years after isolation, few native small 
mammals remained (just 13 and 9 individuals, respectively, were detected on 
the 16 sampled islands, not including the invading R. tiomanicus; see Table S1 
in Appendix II). At that point, all islands were dominated by the invasive 
rodent. Although data from this study do not identify the direct mechanism 
involved, it is possible that invading R. tiomanicus populations outcompeted 
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other native species and thereby contributed to their decline. Further studies – 
for example, by removing R. tiomanicus populations from some experimental 
islands – could help corroborate this hypothesis. 
Small forest fragments can play important conservation roles in some 
contexts (Turner & Corlett 1996), including enhancing landscape connectivity 
and sustaining locally endemic species in regions such as Madagascar and the 
Brazilian Atlantic Forest, where most native vegetation has vanished. In these 
highly fragmented regions, however, mammalian communities can disappear 
rapidly, as has been observed for medium- and large-sized mammals in the 
Brazilian Atlantic Forest (Canale et al. 2012). Similar patterns of extinction 
were recorded in another reservoir fragment system in Venezuela (Terborgh et 
al. 2001); results from the study presented here advance findings from 
Terborgh et al. by measuring biodiversity changes at different points of time 
after isolation, thereby gauging the rate of extinction. In fact, regional 
estimates of extinctions from deforestation are probably worse than previously 
thought, because studies applying species-area curves have assumed that the 
persisting forest was contiguous (Hanski et al. 2013). Additionally, exotic 
species such as R. tiomanicus are rapidly expanding into human-transformed 
and regenerating forest landscapes that increasingly dominate many tropical 
regions (Ellis et al. 2010) and could possibly contribute to the rapid extinction 
rates observed in some fragmented landscapes (see above). Hence, my 
findings, in which fragments lost the majority of native species over just 25 
years, have considerable relevance for nature conservation in fragmented 
habitats globally. The long-term consequences of habitat fragmentation as 
shown in this study underscores a dire need to maintain large intact forest 
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CHAPTER 3: Avoiding Deforestation Trumps Forest Restoration for 
Conserving Biodiversity 
 
Rapid and escalating rates of deforestation are eroding the remaining 
expanses of undisturbed tropical forests. Although regenerating forests will 
eventually replace much of these deforested lands, the fate of biodiversity in 
these modified forest habitats remains uncertain. Here I used deforestation 
projections, forest restoration targets, and species-area models to compare 
biodiversity impacts of a business-as-usual scenario and three different 
mitigating scenarios that combine different levels of deforestation and forest 
restoration across tropical forest ecoregions worldwide. Not surprisingly, I 
found that avoided deforestation was the most effective strategy (reducing 
biodiversity loss from business-as-usual scenario by 2.3% after 9 years and by 
2.4% after 50 years) – instead of forest restoration (1.3% reduction after 9 
years and 1.3% reduction after 50 years). To mitigate projected biodiversity 
loss, levels of reforestation would need to exceed 2020 target restoration 
areas for 70 of 196 ecoregions (35.7%). These results suggest that forest 
restoration efforts might be impractical – and in many cases impossible – to 
sustain biodiversity in tropical forests. 
 
Introduction 
Intact undisturbed forests are “irreplaceable” for sustaining tropical 
biodiversity (Gibson et al. 2011), but their widespread loss and eventual 
replacement by regenerating forests means that any realistic conservation 
strategy must consider both. Significant portions of the tropical forest biome 
exist today as secondary or degraded forest (Asner et al. 2009), and those 
proportions will only increase as deforestation rates in the tropics continue to 
rise (Hansen et al. 2013). Despite this dismal scenario, forest area may remain 
the same or increase due to expanding areas of regenerating forests (Chazdon 
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2008), and as such could have minimal impacts on biodiversity (Wright & 
Muller-Landau 2006a). However, the fate of biodiversity in tropical 
landscapes depends on the extent to which species can recolonize and utilize 
secondary forests, which remains uncertain (Chazdon et al. 2009b, Gardner et 
al. 2009, Melo et al. 2013). 
As regenerating forests spread, a growing body of research has 
quantified their conservation value. Unfortunately, methodological 
inconsistencies have often complicated results from studies in secondary and 
other degraded forests (Gardner et al. 2007, Chazdon et al. 2009b, Dent & 
Wright 2009, Dent 2010, Ramage et al. 2013). Furthermore, while some 
studies have reported successful recoveries of biodiversity in regenerating 
forests (e.g., Dunn 2004), their prospect is often dependent on the specific 
taxonomic group (Barlow et al. 2007, Chazdon et al. 2009b, Gibson et al. 
2011). In general, however, restored forests are least effective for the faunal 
groups that need the original habitat most. In one example from the Australian 
Wet Tropics, half of all bird species found in old-growth forest were found in 
restored forest after only 10 years of isolation, but full recovery was projected 
to take up to 150 years (Catterall et al. 2012). Although much hope lies in 
forest restoration (Lamb et al. 2005, Chazdon 2008), our clouded 
understanding of its prospect may distract attention and resources from other 
more effective conservation strategies. 
 Here, I assessed the potential biodiversity value of regenerating forests 
in mitigating projected biodiversity loss from ongoing deforestation. Using 
recent deforestation projections and forest restoration targets, I generated three 
scenarios that combine different levels of deforestation and forest restoration, 
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based on a trade-off in area such that the combined area of intact and restored 
forest is the same in all scenarios. I then used species-area models to compare 
biodiversity impacts of the different scenarios across tropical forest ecoregions 
worldwide. In addition, I asked the following question: how much forest 





All analyses were performed on the scale of the ecoregion, restricted to those 
within biomes 1, 2, and 3 (tropical and subtropical forests, Olson et al. 2001). 
Within each ecoregion, I obtained data on forest cover, deforestation, and 
restoration areas from two sources. Deforestation data was obtained from 
Hansen et al. (2008), which reported percentage of forest cleared between 
2000 and 2005 for 18.5 x 18.5 km cells with at least 25% forest cover in 2000, 
which I used to calculate annual deforestation rates for each ecoregion. Forest 
cover and restoration areas were obtained from the World Resources Institute 
(WRI) Global Map of Forest Landscape Restoration Opportunities (Laestadius 
et al. 2011, Minnemeyer et al. 2011). This map contains different forest 
classes, including intact forest areas (classes 1-3), fragmented forest areas 
(classes 12-14), and deforested (classes 4-6) or partially deforested areas 
(classes 7-9) where forests could potentially grow based on soil and climatic 
conditions (Table 3.1). Within each ecoregion, I calculated (i) historical forest 
cover by summing forest classes 2-3, 5-9, and 13-14, (ii) current forest cover 
by summing forest classes 2-3 and 13-14, and (iii) total restoration area by 
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summing classes 5-9. In each case, I omitted WRI classes 1, 4, and 12, 
woodlands with <25% forest cover, such that the definition of forest cover 
(>25%) matched that of deforestation data (Hansen et al. 2008). 
The WRI mapped over 2 billion ha of potential restoration areas, but I 
selected a smaller portion of this area as a more realistic target. The Bonn 
Challenge (http://www.forestlandscaperestoration.org/topic/bonn-challenge) 
aims to restore 150 million ha of degraded and deforested lands by 2020, 
which I used as target area. I divided the Bonn Challenge target by the total 
WRI restoration area (150 million / ~2 billion = ~7.5%), and then multiplied 
this proportion by the restoration area to calculate the target restoration area 
within each ecoregion. 
 I used different sources to calculate past and projected deforestation 
areas. For past deforestation, I simply calculated the difference between 
historical forest cover and current forest cover as defined in the WRI map. For 
projected deforestation, I used deforestation rates obtained from Hansen et al. 
(2008). I projected these rates over three different time periods: 9 years, 
WRI Forest Class Historical vegetation Current vegetation Current condition 
1 Woodlands Woodlands Intact 
2 Open forests Open forests Intact 
3 Closed forests Closed forests Intact 
4 Woodlands Nonforest Deforested 
5 Open forests Nonforest Deforested 
6 Closed forests Nonforest Deforested 
7 Open forests Woodlands Partially deforested 
8 Closed forests Woodlands Partially deforested 
9 Closed forests Open forests Partially deforested 
12 Woodlands Woodlands Fragmented 
13 Open forests Open forests Fragmented 
14 Closed forests Closed forests Fragmented 
Table 3.1: WRI forest classes used to calculate (i) historical forest cover (forest classes 2-3, 5-9, and 
13-14), (ii) current forest cover (classes 2-3 and 13-14), and (iii) total restoration area (classes 5-9). 
Forest cover varied by class: closed forests had >45% cover, open forests had 25-45% cover, 
woodlands had 10-25% cover, and nonforest had <10% cover. In each case, WRI classes 1, 4, and 
12 (woodlands with <25% forest cover) were omitted. 
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representing the period of time between publication of the WRI map and the 
deadline of the Bonn Challenge, and 30 and 50 years, to represent more 
lengthy projections. I projected deforestation rates over these time periods and 
multiplied by current forest cover to calculate projected areas of deforestation. 
I compiled forest status and deforestation data for 196 ecoregions spread 
across four realms: 25 ecoregions in Australasia, 23 in the Afrotropics, 70 in 
Indomalaya, and 78 in the Neotropics. 
  
Forest scenarios 
Using these forest status data, 
I compared biodiversity 
impacts of a business-as-usual 
scenario and three different 
mitigating scenarios that 
combine different levels of 
deforestation and forest 
restoration (Figure 3.1). Under 
the business-as-usual 
scenario, there is no forest 
restoration and no changes in 
projected deforestation. In the 
first mitigating scenario, the 
restoration scenario, 100% of 
the Bonn target restoration 
Figure 3.1: Deforestation and forest restoration under 
three mitigating scenarios, where projected deforestation 
(red slices in left circles) is offset by: (a) restoration, where 
100% of some target restoration area is reforested; (b) 
mixed restoration and avoided deforestation, where 50% 
of target restoration area is reforested and deforestation is 
avoided in the same amount of area; and (c) avoided 
deforestation, where 0% of target restoration area is 
reforested and deforestation is avoided in equivalent of the 
full target area. Combined area of intact and restored 
forest is the same in all scenarios. Target restoration area 
is not necessarily smaller than area of projected 
deforestation, but is smaller than combined areas of past 
and projected deforestation. Restoration can occur on 
future or past deforested lands. 
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area is reforested, with no change in projected deforestation (Figure 3.1a). In 
the second mixed mitigating scenario, 50% of target restoration area is 
reforested, and deforestation is avoided in the same amount of area (Figure 
3.1b). Third, in the avoided deforestation scenario, 0% of target restoration 
area is reforested, while deforestation is avoided in the same amount as the 
target restoration area (Figure 3.1c). As such, the combined area of intact and 
restored forest is the same in all three mitigating scenarios. This trade-off 
could only occur where target restoration area was lower than the area of past 
and projected deforestation, which was true in all ecoregions. 
 
Species-area models 
To calculate projected changes in biodiversity over time, I used two 
biogeographic models: (1) the matrix-calibrated species-area model (McSAM, 
Koh & Ghazoul 2010, Koh et al. 2010) and (2) countryside species-area model 
(CsSAM, Pereira & Daily 2006). Both models are improvements of the 
power-law model (Arhennius 1921) commonly used to describe the 
relationship between number of species S and the area of habitat A: 
zAcS ×=  
In this relationship, c and z are constants that vary by taxonomic group, region, 
and scale (Rosenzweig 1995). This relationship has been used to predict 





















whereby St and Sorg are the number of species and At and Aorg are the areas of 
habitat at times t and org, respectively. Although this model performs well 
independently (e.g., Brooks et al. 1997, 2002, Brook et al. 2003), a key 
concern is that rate of species loss – or the slope in the species-area 
relationship – depends on the surrounding matrix habitat (Laurance 2008, Koh 
& Ghazoul 2010). The matrix-calibrated and countryside SAMs both address 
this issue by incorporating the surrounding matrix, but do so in different ways 
(Koh & Ghazoul 2010, Pereira et al. 2014). According to the McSAM, 

























In this model, the slope of the species-area relationship is modulated by 
sensitivity values, such that the exponent z is partitioned into a constant, γ, and 
σ, a measure of the sensitivity of the studied taxa to one of the surrounding 
habitats. Proportions p of each matrix habitat i are multiplied by each 
sensitivity value σ and summed for all n habitats in the surrounding matrix. In 





















whereby habitat types are represented in the base of the equation instead of the 
exponent. Accordingly, hi represents the affinity of a taxonomic group to 
habitat i, Ait represents the area of habitat i at time t, and n represents the 
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number of habitats (including undisturbed forest). I used both models in all 
calculations of biodiversity change (see Table 3.2), but since the results varied 
little I present mostly results based on the countryside model. 
To choose which z value to use in these models, I calculated the mean 
z value from studies on species-area relationships among land-bridge islands (z 
= 0.2731, n = 35, Watling & Donnelly 2006), which I used as the z value for 
CsSAM and the γ value for McSAM. For an upper-end estimate of 
biodiversity loss, I repeated this using the mean value for studies of birds, a 
taxonomic group which shows steeper species declines with decreasing area, 
consequently producing a higher species-area slope (γ = 0.3548, n = 6). This 
approach has been taken in other studies (Koh & Ghazoul 2010, Koh et al. 
2011). For all modeling, I used sensitivity values (σ) derived from Gibson et 
al. (2011), which ranged between 0, the equivalent of an undisturbed primary 
forest with no loss in biodiversity, and 1, the equivalent of a completely 
inhospitable habitat with 100% loss in biodiversity. For the CsSAM, I set the 
habitat affinity values as 1 – σ. For past and projected deforestation, I used 
sensitivity values corresponding to agricultural areas (σ = 0.4890), given that 
agricultural expansion has been the major source of forest loss in recent 
decades (Gibbs et al. 2010). For restoration areas, I used the sensitivity value 
for secondary forest (σ = 0.1278). Given the uncertain biodiversity value of 
secondary forests, I repeated the analysis using 10% higher and 10% lower 
sensitivity values, but results changed little. 
Biodiversity changes were based on loss of historical forest cover (the 
difference between historical and current forest cover, Aorg – At) and projected 
deforestation (the difference between current and projected forest cover, At – 
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At+1). To calculate projected biodiversity changes at time t+1, I changed the 


















whereby St+1 and At+1 are number of species and area of forest at time t+1 and 
the composition of the matrix in the exponent has changed. 
To compute how much forest restoration must occur to offset any 
projected biodiversity losses from ongoing deforestation, I combined the two 
equations at times t (current) and t+1 (future). When biodiversity loss 

















































which can then be used to calculate required change in sensitivity values – or 




It is important to note the caveats to this study. All scenarios described here 
are spatially implicit, and deforestation projections and scenarios do not 
consider the location and extent of protected areas which might limit 
deforestation. However, given that the average forest loss among all 
ecoregions projected over 50 years is just 8.4% ± 9.8%, it is unlikely that 
projected deforestation would encroach upon the limits of protected areas. 
Secondly, the value of secondary forests remains unclear and contested 
(Gardner et al. 2009). Two well established factors that contribute to the 
biodiversity value of regenerating forests are (1) age and (2) proximity to 
intact undisturbed forest (Prugh et al. 2008, Dent & Wright 2009, Chazdon et 
al. 2009b). This study is optimistic in both senses. The sensitivity value used 
here (σ = 0.1278) is based on 53 studies comparing biodiversity between 
secondary forest and adjacent primary forest (Gibson et al. 2011). Median age 
of secondary forests from that study is 15 years, older than regenerating 
forests in many tropical regions. In the Brazilian Amazon, for example, mean 
age of secondary forests is <5 years (Neeff et al. 2006), because regenerating 
forests are often quickly re-cleared for pastures or other forms of agriculture 
(Chazdon et al. 2009b). Not surprisingly, the sensitivity value used here is 
lower than that reported from another meta-analysis of regenerating forest 
biodiversity values (σ = 0.42), even when excluded to secondary forests of 50 
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years’ age (σ = 0.20, Dent & Wright 2009). For these reasons, estimates of the 
potential biodiversity value of regenerating forests are optimistic in this study. 
 
Results and Discussion 
Overall, projected loss of biodiversity across all ecoregions under the 
business-as-usual scenario with no forest restoration and no changes in 
deforestation between times org and t+1 was 16.9% (14.9-18.9%, mean and 
95% confidence interval) after 9 years, 17.7% (15.7-19.7%) after 30 years, and 
18.4% (16.4-20.4%) after 50 years (Table 3.2). Among the four realms, 
projected biodiversity loss was greatest across Indomalayan ecoregions, with 
23.2% (19.9-26.5%) loss after 9 years and 25.0% (21.9-28.1%) after 50 years. 
Projected loss was lowest in Australasia, with 3.9% (2.5-5.3%) loss after 9 
years and 5.1% (3.7-6.5%) loss after 50 years. These losses are based on the 
countryside SAR, assuming all deforested lands are converted to agriculture. 
Using the higher z value, biodiversity loss increased to 18.5% (16.4-20.6%) 
and 20.2% (18.2-22.3%), for 9- and 50-year projections, respectively. Under 
the matrix-calibrated SAM, projected loss changed to 11.6% (9.9-13.4%) after 
9 years and 12.7% (11.0-14.4%) after 50 years. Since trends remained the 
same for all results I present those for the countryside SAM only, using an 
intermediate z value of 0.2731 (but see full results in Table 3.2). 
 For different mitigating scenarios, avoided deforestation performed 
best (Table 3.2, Figure 3.2). Under the restoration scenario, biodiversity loss 
was projected to be 15.6% (13.8-17.4%) after 9 years and 17.1% (15.3-18.9%) 
after 50 years, little improvement (1.3% (1.1-1.5%) after 9 years, 1.3% (1.1-
1.5%) after 50 years) from the business-as-usual scenario. 
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Not surprisingly, under avoided deforestation, projected biodiversity loss was 
14.6% (12.9-16.2%) after 9 years and 16.0 (14.4-17.6) after 50 years, a greater 
improvement (2.3% (2.0-2.7%) after 9 years, 2.4% (2.0-2.8%) after 50 years) 
than those provided by the restoration strategy. These results did not change 
after changing the sensitivity value used for secondary forest (e.g., when using 
10% lower and 10% higher sigma values, projected biodiversity loss after 9 
years under restoration scenario was 15.5% (13.7-17.3%) and 15.6% (13.8-
17.5%), respectively). Furthermore, these trends did not change after 
excluding ecoregions less than 10,000 km2 in area (n = 36), which might be 
more sensitive to the relatively low resolution deforestation data used (e.g., 
biodiversity loss after 9 years under restoration scenario: 17.3% (15.3-19.4%); 
under avoided deforestation: 16.2% (14.3-18.1%)). 
 To offset projected biodiversity loss, required change in matrix 
sensitivity values varied based on proportion of historical forest cover 
remaining (Figure 3.3). In ecoregions with high percent forest remaining, 
imminent forest loss would require a greater improvement of matrix quality 
(for example, by increasing the size of restored forests) to offset the same 
proportion of forest loss. Thus, places with high forest cover will require 





Restoration Mixed Avoided deforestation 
9 16.9 (14.9-18.9) 15.6 (13.8-17.4) 15.1 (13.3-16.8) 14.6 (12.9-16.2) 
9 11.6 (9.9-13.4) 11.1 (9.4-12.7) 9.9 (8.6-11.2) 9.2 (8.0-10.4) 
30 17.7 (15.7-19.7) 16.4 (14.6-18.2) 15.8 (14.1-17.6) 15.3 (13.7-17.0) 
30 12.2 (10.5-13.9) 11.6 (10.0-13.2) 10.4 (9.1-11.7) 9.7 (8.5-10.8) 
50 18.4 (16.4-20.4) 17.1 (15.3-18.9) 16.5 (14.8-18.3) 16.0 (14.4-17.6) 
50 12.7 (11.0-14.4) 12.1 (10.5-13.7) 10.8 (9.5-12.1) 10.1 (9.0-11.3) 
Table 3.2: Projected biodiversity losses under business-as-usual and other mitigating strategies. 
Countryside SAM results are presented in gray rows, matrix-calibrated SAM results in white rows. 
Means (and 95% confidence intervals) are reported across ecoregions (n = 196). 
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of their forests. In absolute terms, the amount of required reforestation would 
represent on average 13,300 ha (7,400-19,200 ha) (10.8% (8.3-13.3%) of the 
surrounding matrix) per ecoregion after 9 years, and 64,900 ha (37,900-92,000 
ha, 29.1% (24.4-33.8%) of the surrounding matrix) per ecoregion after 50 
years. These amounts of needed restoration lie within target restoration areas 
of 126 (64.3%) ecoregions and within total restoration areas of 187 (95.4%) of 
196 ecoregions after 9 years. However, after 50 years, the amount of 
restoration area needed to offset projected biodiversity losses exceeds target 
restoration areas for 124 (63.3%) ecoregions and exceeds total restoration 
areas for 39 (19.9%) of the ecoregions. Interestingly, these proportions are 
lowest in the Australasia realm, with just 36% and 4% of the 25 ecoregions 
having sufficient target restoration areas after 9 and 50 years, respectively. 
These results paint a bleak picture of the prospect of regenerating 
forests as a means to sustain biodiversity in tropical landscapes. Although 
biodiversity increases rapidly in the first two decades during forest 
regeneration, full recovery only occurs over a much longer time frame – often 
exceeding a century – and depends on the presence of adjacent undisturbed 
Figure 3.2: Improvement (%) in biodiversity 
among the three mitigating scenarios. Plotted 
are mean values and 95% confidence intervals. 
Figure 3.3: Required improvement (%) in 
matrix quality to offset biodiversity loss 
associated with projected forest loss (30% loss 
for triangles, 10% loss for squares), based on 
the amount of current forest cover. 
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forest areas (Catterall et al. 2012, Itioka et al. 2014). Over shorter time periods 
considered here, for every hectare deforested, on average almost five hectares 
must be reforested to offset projected biodiversity loss. As such, sustaining 
present levels of biodiversity in tropical landscapes using forest restoration 
would present an enormous financial cost to society (Lamb et al. 2005, 
Brancalion et al. 2012). This high ratio presents a daunting challenge; based 
on the 150 million hectare restoration goal established by the Bonn Challenge, 
70 of 196 (35.7%) ecoregions have insufficient target restoration areas to 
complete this goal by 2020. Consequently, other methods might be more 
effective in the goal to preserve tropical biodiversity. 
 While reforestation will be essential towards conservation efforts in 
highly fragmented and heavily degraded forest landscapes, a more effective 
strategy towards sustaining biodiversity is to preserve intact and undisturbed 
forest areas. Forest reserves may represent our best investment in preserving 
tropical biodiversity, but many are suffering due to human encroachment 
within and surrounding these protected areas (Laurance et al. 2012). Those 
unprotected forest areas have suffered greatly, with over 40 million ha of 
primary forest lost since 2000 (FAO 2010). Curbing deforestation rates in 
remaining expanses of undisturbed forests represents an essential strategy, 
which as shown here is both more practical and more valuable towards our 
mission to sustain tropical biodiversity. 
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CONCLUSION: Strategies for Sustaining Tropical Biodiversity 
 
Tropical forests – and their resident biotic communities which comprise half 
or more of the planet’s biodiversity – face unparalleled threats. Through a 
comprehensive global meta-analysis of modified forests, field surveys in 
remnant forest patches, and projections based on various forest restoration 
scenarios, these three chapters highlight the vulnerability of tropical forest 
biodiversity to human pressures, which continue to rise. Solutions for 
preserving the remaining biodiversity while meeting demands from human 
society present an enormous obstacle for the century ahead. 
 One of the best strategies to preserve tropical biodiversity is to protect 
remaining expanses of undisturbed tropical forests (Gibson et al. 2011, 
Laurance et al. 2012). Protected areas (PAs) serve as one of the traditional 
safeguards for forest conservation, and already, 18.9% of tropical humid 
forests and 13.3% of tropical dry forests are covered by protected areas 
(Chape et al. 2005). Although these percentages will continue to rise with the 
extension of reserve networks, protected areas are not always effective. 
Among PAs in tropical forests worldwide, 25% suffered deforestation within 
reserve boundaries and 68% lost forest in surrounding buffers in the 1980s and 
1990s, becoming increasingly isolated in the process (DeFries et al. 2005). 
Between 1985 and 2001, forest cover in lowland PAs in West Kalimantan, 
Borneo was reduced by 63%, primarily by industrial logging, and buffer zones 
surrounding reserves were also degraded (Curran et al. 2004). In Sumatra, 
agricultural activities have caused deforestation within protected areas, 
threatening species such as tigers, rhinos, and elephants (Kinnaird et al. 2003). 
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Even in those PAs where little impacts occur inside boundaries, changes inside 
boundaries mirror those outside (Laurance et al. 2012). Sustaining tropical 
biodiversity may thus depend more on the outcome of lands outside reserves. 
Agricultural expansion is the leading cause of deforestation, and 
consequently represents one of the major threats to tropical biodiversity 
(Laurance et al. 2014). Between 1980 and 2000, 83% of new agricultural 
lands across the tropics were established in newly deforested lands (Gibbs et 
al. 2010). In Indonesian Borneo, for example, 90% of oil palm plantations 
planted between 1990 and 2010 were done so on cleared forests (Carlson et al. 
2013). To mitigate these potentially catastrophic impacts, two competing 
strategies have emerged to sustain both biodiversity and agricultural 
production (Green et al. 2005). The first, wildlife-friendly farming, aims to 
sustain animal populations in agricultural landscapes, which may limit 
agricultural output. The second, land-sparing, minimizes the land needed to 
grow crops by maximizing agricultural yield. Though few studies have tackled 
this debate, what data exist show that the land-sparing approach sustains 
higher biodiversity levels, given that many species are absent or in much 
lower densities in agricultural landscapes (Phalan et al. 2011, Edwards et al. 
2014). However, this debate may simplify a question that is highly variable 
and dependent upon regional contexts (Tscharntke et al. 2012). Additional 
research is needed in this subject to identify the best ways to provide food for 
growing human populations while minimizing impacts on biodiversity. 
Another major threat to tropical forests and their immeasurable species 
comes from logging and other extractive industries. Logging activities are 
already widespread across tropical forests (Asner et al. 2009), and mining is 
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rapidly increasing in other parts of the tropics (Edwards et al. 2013). Oil and 
gas development can also impact remote forest areas; recently, access roads 
were built into Yasuni National Park – by some measures the biologically 
richest part of the planet – in the process violating an environmental impact 
assessment which had set boundaries to road development (Finer et al. 2014). 
In many cases, these extractive industries are not catastrophic themselves; for 
example, selectively logged forests retain high levels of biodiversity (Edwards 
et al. 2011, Gibson et al. 2011, Putz et al. 2012). However, roads associated 
with these enterprises often lead to more detrimental forms of disturbance 
such as colonization by human settlers and the conversion of forests into 
agricultural fields (Laurance et al. 2009, Laurance & Balmford 2013). Logged 
forests and other degraded areas thereby represent a valuable and cost-
effective target for conservation actions (Fisher et al. 2011, Wilcove et al. 
2013). Limiting the development of roads into remaining frontier forest areas 
and curbing further degradation of those areas already saturated by roads will 
be vital towards the sustenance of biodiversity. 
 Throughout the tropics, forests are suffering disruption both inside and 
outside protected areas, such that conservation efforts are needed in both 
places. In Chapter 1, I measured the biodiversity value of a wide range of 
modified forests outside reserve boundaries, identifying those that provide the 
best potential towards sustaining biodiversity (Gibson et al. 2011). Those with 
the highest value – particularly logged forests – should be high priorities for 
incorporation into protected area networks or sustainable use reserves. On the 
other hand, as shown in Chapter 2, biodiversity can rapidly disappear in small 
forest fragments, even when protected (Gibson et al. 2013). Consequently, 
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efforts to protect small forest fragments may not be the most essential strategy; 
preserving or restoring the surrounding matrix may be more crucial to stem 
extinctions (Vandermeer & Perfecto 2007). Unfortunately, however, little is 
known about the potential recovery of biodiversity in regenerating forests 
(Chazdon et al. 2009b, Gardner et al. 2009, Chazdon 2014). As shown in 
Chapter 3, their prospect to sustain biodiversity appears limited, but this may 
be due to our poor understanding of biodiversity recovery in regenerating 
forests. Further research in secondary forests is needed to gauge their value. 
 The fate of biodiversity in tropical forests is uncertain. Preserving 
those undisturbed forest expanses as well as those modified habitats which 
sustain the highest levels of biodiversity (i.e., logged forests) represents a top 
priority for tropical forest conservation. Reconnecting fragmented forests to 
ensure population connectivity and lower risk of extinction will be vital, 
especially in highly fragmented landscapes. Tropical forests hold half of all 
species on the planet. If these conservation recommendations are 
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Primary forests are irreplaceable for sustaining
tropical biodiversity
Luke Gibson1*, Tien Ming Lee2,3*, Lian Pin Koh1,4, Barry W. Brook5, Toby A. Gardner6, Jos Barlow7, Carlos A. Peres8,
Corey J. A. Bradshaw5,9, William F. Laurance10, Thomas E. Lovejoy11,12 & Navjot S. Sodhi1{
Human-driven land-use changes increasingly threaten biodiversity,
particularly in tropical forests where both species diversity and
human pressures on natural environments are high1. The rapid
conversion of tropical forests for agriculture, timber production
and other uses has generated vast, human-dominated landscapes
with potentially dire consequences for tropical biodiversity2–5.
Today, few truly undisturbed tropical forests exist, whereas those
degraded by repeated logging and fires, as well as secondary and
plantation forests, are rapidly expanding6,7.Hereweprovide a global
assessment of the impact of disturbance and land conversion on
biodiversity in tropical forests using a meta-analysis of 138 studies.
We analysed 2,220 pairwise comparisons of biodiversity values in
primary forests (with little or no human disturbance) and disturbed
forests. We found that biodiversity values were substantially lower
in degraded forests, but that this varied considerably by geographic
region, taxonomic group, ecological metric and disturbance type.
Even after partly accounting for confounding colonization and
succession effects due to the composition of surrounding habitats,
isolation and time since disturbance, we find that most forms of
forest degradation have an overwhelmingly detrimental effect on
tropical biodiversity. Our results clearly indicate that when it comes
to maintaining tropical biodiversity, there is no substitute for
primary forests.
As the extent of primary forests is shrinking throughout the tropics, a
growing body of work has quantified the biodiversity values of degraded
tropical forests. The ecological responses following forest conversion
varymarkedly across taxonomic groups, human impact types, ecological
metrics and geographic regions5,8–10. Most studies, however, provide
limited insight into the varied responses of tropical forest biota tohuman
impacts because they are understandably restricted to particular distur-
bance types11,12, taxa13,14 and geographic regions15. Therefore, their often
contrasting conclusions might have clouded ongoing debates over the
conservation value of modified forest ecosystems4. A comprehensive
meta-analysis of the conservation value of human-modified tropical
forests is therefore sorely lacking. Notably, such an assessment could
provide a critical baseline for monitoring progress towards global con-
servation targets16, evaluate the biodiversity benefits of international
carbon-trading initiatives to reduce emissions from deforestation and
forest degradation17,18 (for example the United Nations REDD1 pro-
gramme), and guide policy development through the integration of
biodiversity data into the modelling of land-use change scenarios2,19,20.
Herewe conduct a globalmeta-analysis tomeasure the varied effects
of land-use change and forest degradation on biodiversity in tropical
forests. From an exhaustive literature search, we identified 138 studies
that reported measures of biodiversity from multiple sites in both
primary and disturbed tropical forests (Methods). We necessarily
assumed that all ‘primary forests’ referred to in our source literature
are largely old-growth forests that have experienced little to no recent
human disturbance, although we recognize that in reality few primary
forests are likely to be genuinely pristine. Primary forests are starkly
differentiated from disturbed sites, which encompass the full spectrum
of degraded and converted forest types, including selectively logged
forests, secondary forests and forests converted into various forms of
agriculture. In total, these studies spanned 28 countries and 92 study
landscapes (Fig. 1). To measure the effect size of human-driven land-
use changes, we calculated the weighted average of the standardized
difference (based on pooled variance measures) between mean bio-
diversity measurements in primary and disturbed sites21 (that is,
Hedges’ g*). The effect size was positive when the biodiversity value
of primary forest sites was greater than that of disturbed sites, implying
that the measured disturbance had a detrimental impact on bio-
diversity. We used a resampling procedure based on 10,000 bootstrap
samples (with replacement) to generate the median effect size and 95%
confidence intervals.
Overall, human impacts reduced biodiversity in tropical forests,
although the effect size varied by region, taxonomic group, metric
and disturbance type (Fig. 2). The median effect size for all 2,220
pairwise comparisons from 138 studies was 0.51 (95% confidence
interval, 0.44–0.58) (Supplementary Table 1). This changed little when
we accounted for pseudoreplication from studies that reported mul-
tiple comparisons, using a resampling procedure in which one com-
parison per study was randomly drawn for 10,000 samples, yielding an
overall effect size of 0.57 (0.35–0.79) (Supplementary Table 1). Our
results are also robust to publication biases (Methods). The surround-
ing habitat might either ameliorate (if hospitable) or exacerbate (if
hostile) the impact of forest disturbance on biodiversity22. Although
data are lacking for a comprehensive analysis, to account partly for this
effect we repeated our analysis using only those studies that had nat-
ural vegetation (that is, primary and selectively logged forests) as the
surrounding habitat (70.1% of all pairwise comparisons). Using this
subset, we detected no substantial change in either the direction or the
magnitude of effect sizes for the full data set (0.58, 0.49–0.68), or for
each of the variables described below (Supplementary Table 1).
We found that human impacts on biodiversity varied by region.
Although our data set is highly comprehensive, it is still limited given
the vast extent of tropical forests and the myriad ways in which
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humans disturb them23. Asia (52 studies) and SouthAmerica (47) were
the subjects of considerably more studies than were Central America
(27) and Africa (12) (Fig. 1 and Supplementary Table 1). This regional
bias implies that our findings might be more generalizable to Asia and
South America than to other tropical regions. More critically, it high-
lights an urgent need for more research, particularly in Africa, which
sustains the second largest contiguous tropical forest in the world5.
Despite this important caveat, we found that Asia harbours the most
sensitive biota, producing an effect size of 0.95 (0.83–1.08), which is
substantially higher than that of the other three regions (Fig. 2a). This
highlights the great toll human land-use changes are exacting in Asia,
particularly in Southeast Asia, which most Asian studies (44 of 52)
considered. Recent and widespread expansion of oil palm mono-
culture and exotic-tree plantations has greatly modified forest habitats
in this region24, but all forms of human impactwere higher inAsia than
elsewhere (Fig. 3a), suggesting that this regional pattern holds regard-
less of disturbance type. Our results highlight the critical need to
mitigate the particularly detrimental human impacts in Asia25.
Most taxonomic groups we assessed were negatively affected by
disturbance, with effect sizes greater than 0.5 (Fig. 2b and Sup-
plementary Fig. 1b). However, mammals were less sensitive to the
disturbances measured and, in some instances, actually benefitted
from human disturbance, with an effect size of 20.12 (20.24 to
20.01). This disparity, largely due to higher mammal abundances in
certain disturbance types (Fig. 3b and Supplementary Table 3), might
arise because of mammals’ high tolerance of degraded forests and
forest edges26, particularly among small mammals (20.04, 20.27 to
0.20) andbats (20.24,20.42 to20.06),whichdominatedmost studies
on mammals (Supplementary Table 1). At the other extreme, birds















Figure 1 | Map of study sites by country and by study location. Country colour represents the number of studies per country (n5 28 total countries) and circle























































 Bootstrapped effect size
Region Taxon
Response metric Disturbance type
Less More detrimentalLess More detrimental
FSR
    
Figure 2 | Box plots of bootstrapped effect size. a, By region;b, by taxon; c, by
response metric; d, by disturbance type (omitting clear-cut and disturbed/
hunted owing to small sample sizes, that is, ,50 comparisons). Plotted are
median values and interquartile ranges of 10,000 resampled (with replacement)
effect size calculations for each group. Widths of notches in box plots
approximate 95% confidence intervals.Median value for forest species richness
(FSR) is plotted for comparison. The vertical black and grey dashed lines
represent an effect size of zero and the median effect size for the entire data set,
respectively. Sample size is shown in parentheses.
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These results varied by disturbance type; birds constituted the group
most sensitive to forest conversion into agriculture (active agriculture,
abandoned agriculture and agroforestry systems), whereas plants
constituted the group most sensitive to burned forests and shaded
plantations (Fig. 3a and Supplementary Table 2). The effect size for
arthropods (0.64, 0.52–0.78) when further differentiated into the
three main taxonomic orders revealed some differences: Coleoptera
was more sensitive to disturbance (1.01, 0.75–1.30) than were
Hymenoptera (0.41, 0.11–0.69) and Lepidoptera (0.58, 0.28–0.89)
(Supplementary Table 1). In general, our findings reflect a paucity of
information about most of the world’s tropical biota; more data are
needed to understand the ecological mechanisms underlying the dif-
fering vulnerability of taxa to human disturbance27.
The source literature we considered used various measures of bio-
diversity, which we broadly differentiated into five response metrics:
abundance, community structure and function, demographics, forest
structure, and richness (Methods, Fig. 2c and Supplementary Fig. 1a).
Of these, abundance and richness were the most commonly reported
metrics, together comprising over three-quarters of all pairwise
comparisons. Richness (0.83, 0.7220.95) wasmarkedlymore sensitive
to human disturbance than abundance (0.19, 0.0720.31) (Figs 2c and
3b and Supplementary Tables 2 and 3). This result accords with expec-
tations, given observations of large increases in the abundance of
generalist species following similarly large declines in richness in
degraded tropical forests5,28. Furthermore, our measure of richness
was predictably conservative because it assessed both forest specialists
and generalists; when restricted to forest specialists (n5 70 compar-
isons), the effect size for species richness increased to 1.16 (0.69–1.65)
(Fig. 2c and Supplementary Table 1). Measures of forest species rich-
ness therefore could serve as a simple yet effective metric to assess the
conservation value of tropical forests and the relative impacts of dif-
ferent patterns of human modification, particularly during the early
stages of forest conversion when conservation actions are most
urgently needed.
We identified 12 general forest disturbance or conversion classes,
and all but one of those with adequate sample sizes had effect sizes
greater than 0.4 (Supplementary Table 1). In general, agricultural land-
use classes (abandoned and active agricultural sites) had a much
greater impact than agroforestry systems and plantations (both shaded
and unshaded) (Fig. 2d). As the single exception, selectively logged
forests (largely those affected by a single cutting cycle) had a much
smaller, yet still positive, effect size of 0.11 (0.01–0.20). This is con-
sistent with previous studies showing that selectively logged forests
retain a high richness of forest taxa12. Although these findings suggest
that logged forests could contribute to biodiversity conservation, there
are several caveats that need consideration: (i) if logged forest sites are
adjacent to primary forests, spill-over effects might exaggerate the
species richness of logged forests22 (acting as sink habitats); (ii) the
proximity of logged forests to primary forests might also result in
species extinction debts that are repaid over lengthy periods of time,
beyond the timescale of the short-term studies that comprise most of
our data set (83.6% had a time since disturbance of #12 yr); (iii)
repeated logging might further exacerbate these biodiversity impacts;
and (iv) the networks of forest roads created by logging operations
might facilitate human immigration to forest frontiers and trigger
associated increases in fires and forest conversion29. As selective
logging continues to expand across the tropics30, understanding its
long-term impacts and interactions with other forms of disturbance
such as fire and invasive species5 will become increasingly important
for the conservation of tropical biodiversity.
In contrast with the relatively benign selectively logged forests,
secondary forests of varying ages had an intermediate effect size of
0.41 (0.28–0.54). It has been suggested recently that secondary forests
canbe an effective complement to primary forests in supporting tropical
biodiversity, and should therefore represent a priority for con-
servation11. Although the wide variety of secondary forests measured
varymarkedly in biodiversity value depending on forest age and land-
use history, our meta-analysis demonstrates that secondary forests
invariably havemuch lower biodiversity values than do remnant areas
of relatively undisturbed primary forest (Supplementary Table 2).
Although regenerating degraded areas can greatly increase the long-
term persistence of biodiversity in severely modified landscapes6, our
findings suggest that protecting remaining primary forests and restor-
ing selectively logged forests are likely to offer the greatest conser-
vation benefits for tropical biota.
We tested the relative importance of the above-mentioned eco-
logical correlates in explaining the effect size. We used an informa-
tion-theoretic approach to evaluate the performance of a candidate set
of generalized linear models (Methods). After controlling for pseudo-
replication from studies, the most parsimonious model in predicting
the impact of anthropogenic forest disturbance on effect size was the
null model (selected in 37.3% of 10,000 iterations), with the models
‘Region’ (23.1%) and ‘Response metric’ (14.4%) ranked second and
third, respectively (Supplementary Table 5). This result also holds for
a data set that includes only studies with natural vegetation as the
surrounding habitat (n5 1,557), as well as for a smaller subset of











































































































































Figure 3 | Box plots of bootstrapped effect size. a, By disturbance type; b, by
response metric, as in Fig. 2. Median effect size is also plotted as a function of
region and taxon, with overlapping points stacked: Af, Africa; As, Asia; CA,
Central America; SA, South America; a, arthropods; b, birds; m, mammals; p,
plants. Vertical lines are as in Fig. 2.
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distance (n5 630; accounting for variation in colonization and suc-
cession effects22) (Supplementary Fig. 2 and Supplementary Table 5).
Our analysis of generalized linear models showed that the observed
detrimental disturbance effects are essentially universal and that cor-
relates such as region, taxonomic group, disturbance type and eco-
logical measure have little impact on the effect size.
Our meta-analysis provides a global assessment of the relative con-
servation value of a broad range of human-modified tropical forests.
Our results demonstrate that forest conversion and degradation con-
sistently and greatly reduce biodiversity in tropical forest landscapes.
As an exception, selective logging of forests has a much lower
detrimental effect on measured biodiversity responses, implying that
ecological restoration of such areas could help to alleviate threats to
tropical biodiversity. Overall, however, we conclude that primary
forests are irreplaceable for sustaining tropical biodiversity. Con-
sequently, we strongly urge their protection by enhancing of enforce-
ment in existing protected areas, expanding the current network of
reserves and curbing international demand for forest commodities
obtained at the expense of primary forests. Improving mechanisms
for delivering and sustaining the social, financial and technical support
necessary to achieve such goals continues to present one of the greatest
challenges to tropical biodiversity conservation in the twenty-first cen-
tury.
METHODS SUMMARY
Using Web of Science and BIOSIS, we searched for all relevant research articles
published between 1975 and October 2010 that (i) included measures of bio-
diversity at multiple sites in both primary and disturbed tropical forests, (ii)
indicated that the primary forests had little or no human disturbance and (iii)
reported variance measures for biodiversity responses. From these studies, we
compiled the biodiversity measures reported in both primary and disturbed forest
sites and classified these measures using four variables: geographic region,
taxonomic group, ecological response metric and disturbance type. For each
paired biodiversity measure, we calculated the bias-corrected Hedges’ g*, the
difference between primary and disturbed group means standardized by the
pooled standard deviation. We then calculated the average effect size using
the random-effects model, where effect sizes of individual comparisons are
weighted by the inverse of within-study variance plus between-study variance21.
We repeated this procedure after resampling the effect size calculations using
10,000 bootstrap samples (with replacement), from which we generated 95%
confidence intervals. We calculated the effect size for the entire data set, for each
subgroup of the four variables (region, taxon, response metric and disturbance
type) and for each of the six two-level combinations of the four variables (for
example disturbance type 3 region). We repeated the above calculations for a
subset of the data set with natural surrounding habitat, to account for the influence
of this habitat. We also tested the effect sizes for possible publication bias.
Following ref. 15,weperformed an information-theoretic evaluationof a candidate
set of generalized linear models to examine the influence of a set of proposed
factors on the ecological responses tabulated.The generalized linearmodels related
the Hedges’ g* effect size to the categorical predictor variables region, taxonomic
group, metric and disturbance type in the 15 possible variable combinations.
Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Data. We searched for all relevant research articles published between 1975 and
October 2010 using Web of Science and BIOSIS with the search query (TS5
[(bird* OR mammal* OR reptile* OR amphibia* OR arthropod* OR plants* OR
lepidoptera* OR hymenoptera* OR arachnid* OR coleoptera* OR diptera* OR
homoptera*ORisoptera*)AND(clear-cutting*ORlog*ORdeforestation*ORfire*
ORagriculture conversion*ORdisturbance*ORdegradation*ORsecondary forest*
OR plantation* OR fragment*)]). From this list, we reviewed articles and retained
thosestudies that (i) includedmeasuresofbiodiversityatmultiple sites inbothprimary
and disturbed tropical forests, (ii) indicated that the primary forests had little or no
human disturbance and (iii) reported variance measures for biodiversity responses.
We defined primary forests as primary or old-growth forests that have never been
clear-felled and have been impacted by little or no known recent human disturbance.
For each study, we recorded the biodiversity measures in both primary and dis-
turbed forest sites. For those studies that reported results in figures only, we extracted
results usingDATATHIEF (http://www.datathief.org). The full data set is available in
the online version of the paper. For each comparison, we recorded the region (Africa,
Asia, Central America (including Mexico), South America) and broad taxonomic
group (arthropods, birds, mammals, plants). Although arthropods span diverse
groups with potentially differing responses to human impacts8, our sample included
predominantly insects (Coleoptera, 29.2%; Hymenoptera, 22.9%; Lepidoptera,
22.6%) andwe therefore treated it as a single group but reported differences between
the threemajor insect orders represented.Mammals also comprised different groups,
and we differentiated between bats (51.0%), largemammals (2.6%), primates (3.7%),
small mammals (28.2%) and a miscellaneous group (14.4%).
We classified the biodiversity measure into five response metrics: abundance
(for example density, capture frequency, occupancy estimates and biomass);
community structure and function (for example abundance of different guilds
(generalists, herb specialists and so on), proportion of trait states and individual
weight); demographics (for example density of different age classes (adults/
juveniles/saplings/seedlings), fruit/flower production and genetic measures);
forest structure (for example canopy height/cover/openness, basal area, litter
depth, diameter at breast height and other physical structural measurements,
and density of trees of a given diameter at breast height); and richness (for example
observed/estimated/rarefied richness, species density and genera/family richness).
We omitted diversity indices (n5 151; for example Fisher’s alpha, Shannon–
Wiener, Simpson’s andMargalef’s) because they were usually secondary (derived)
measures of abundance and/or richness and are not straightforward to interpret.
We recorded the disturbance type as specified by the authors of the source
literature, which formed twelve distinct groups: abandoned agriculture, active
agriculture, agroforestry, burned forests, clear-cut forests, disturbed/hunted
forests, other extracted forests, pastures, plantations, secondary forests, selectively
logged forests and shaded plantations. To avoid an inadequate treatment of forest
fragmentation, which is an important topic, we necessarily excluded data on forest
fragments. However, we recognize that remnant forest fragments, particularly
large ones, in heavily human-modified ecosystems might be critical for biodiver-
sity persistence.
In addition, and where available, we collected data on patch size, surrounding
habitat type, isolation distance and time since disturbance15,22. We categorized the
predominant surroundinghabitat of disturbed forests into fivebroadgroups: natural
vegetation (that is, primary and selectively logged forests), agriculture, disturbed
forests, pastures and tree plantations. Using maps and/or geo-referenced locations
from the source literature, we calculated isolation distance as the mean distance
between disturbed sites and the nearest primary forest site to account for coloniza-
tion effects for a smaller set of the data. We measured time since disturbance as the
amount of time that had elapsed between the most recent form of disturbance and
the time of study, as indicated by the authors of the source literature, to account for
post-disturbance and time-lag effects. We excluded patch size or area information
from our analysis largely as a result of ambiguity and extremely low sample size
(22.6% of the comparisons provided this information for disturbed sites). We have
already acknowledged the potential confounding effects of area in detail elsewhere15.
Meta-analysis. For each comparison, we calculated Hedges’ g, the difference
between primary anddisturbed groupmeans standardized using the pooled stand-












Because Hedges’ g is a biased estimator of population effect size, we used the





We then calculated the average effect size using the random-effects model, where
effect sizes of individual comparisons are weighted by the inverse of within-study
variance plus between-study variance21. For individual comparisons, we defined
the effect size as positive for comparisons where the biodiversity value was higher
in primary forest (such that a positive effect size indicates a more detrimental
impact by the disturbance type). For a small subset of comparisons where the
expected value would be lower in primary forest (n5 180, 8.1% of all pairwise
comparisons; for example measures of saplings/seedlings/juveniles, early/mid-
successional species, non-forest/open-forest species, common/generalist/visitor
species, trees of diameter at breast height,10 cm, dead/new trees and mortality/
recruitment rates), we defined the effect size as negative for comparisons where
the biodiversity value was higher in primary forest. As our results might be
affected by the selection of comparisons with an opposite expectation of the
direction of the effect, we repeated the procedure after omitting those compar-
isons. This led to an effect size of 0.45 (0.38–0.52), within the error of the effect
size for the full data set, suggesting that our expectation did not affect the results
(Supplementary Table 1).
We calculated the effect size for the entire data set, for each subgroup of the four
variables (region, taxon, responsemetric and disturbance type) and for each of the
six two-level combinations of the four variables (for example disturbance type3
region) (Fig. 3, Supplementary Fig. 1 and Supplementary Tables 2–4). For all
combinations, we repeated this procedure after resampling the random-model
effect size calculations using 10,000 bootstrap samples (with replacement), from
which we generated 95% confidence intervals31. To address potential spatial and
temporal autocorrelation from studies that included several comparisons (for
example multiple measurements of the same taxa, measurements of multiple taxa
and measurements of multiple disturbance types), we repeated this procedure
after resampling one comparison per study, again using 10,000 bootstrap samples
(Supplementary Table 1). However, some autocorrelation (largely only spatial)
remains because several studies were situated in the same site (Fig. 1), although
it is probably not as pronounced as above. To account for the potential influ-
ence of the surrounding habitat, we repeated the above calculations for a subset
of the data set with natural surrounding habitat (70.1% of data) (Supplementary
Table 1).
We tested for publication bias using two methods to assess whether our calcu-
lated effect sizes were affected by the possible absence of studies not published
owing to a failure to detect differences21. First, we visually examined a funnel plot
of effect size plotted against standard error to assess the symmetry of study pre-
cision around effect size (Supplementary Fig. 3). The relatively symmetrical funnel
plot suggests there is no relationship between effect size and study size, and that
those studies with small (or negative) effect sizes do not have a lower probability of
being published. Second, we sorted the data set by precision, from comparisons
with small standard errors to those with large standard errors, and examined the
change in cumulative effect size with the addition of the most imprecise studies
(Supplementary Fig. 4). Although the addition of the most imprecise third of
comparisons (those with the largest standard errors) does cause the cumulative
effect size to increase, the effect size remains positive and does not overlap with
zero at any point after the first 163 comparisons. We conclude that the impact of
publication bias in our study is slight21.
Generalized linear models. Following ref. 15, we performed an information-
theoretic evaluation of a candidate set of generalized linear models (GLMs) to
examine the influence of a set of hypothesized factors on the ecological responses
tabulated. The GLM related the Hedges’ g* effect size to the categorical predictor
variables region, taxonomic group, metric and disturbance type in the 15 possible
variable combinations (Supplementary Table 5). We also evaluated the null
(intercept-only) model, in which only a mean effect size is estimated (that is,
no correlates). As with the meta-analysis, we accounted for pseudoreplication by
selecting a random subset of the full data set, such that only one observation from
each study was fitted using GLMs, and repeating the fitting procedure a total of
10,000 times. Model comparisons and subsequent inference (using relative
weights of evidence) were based on the small-sample-size-corrected Akaike’s
information criterion (AICc; ref. 32), whereby a measure of Kullback–Leibler
information loss (a fundamental conceptual measure of the relative distance of
a given model from full reality, assumed to be represented in the model set) is
derived and used as an objective basis for ranking the bias-corrected likelihood of
models in an a-priori candidate set (thereby yielding an implicit estimate of
model parsimony). The highest-ranked models according to AICc are those that
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explain the most substantial proportion of variance in the data yet exclude
unnecessary parameters that cannot be justified for inference on the basis of
the data33. For the randomized GLM fits, we calculated the proportion of times
each model was selected as the top-ranked model (pi), on the basis of AICc. We
used the per cent deviance explained to represent the structural goodness of fit of
each model, with the 95% confidence interval of the per cent deviance explained
estimated as the 2.5 and 97.5 percentiles of the 10,000 sample fits. We repeated
the above analysis using only data with natural surrounding habitat, and using
isolation distance and time since disturbance as additional predictor variables,
thus increasing the possible variable combinations to 64 (including the null
model) (Supplementary Table 5). All statistical analyses and figures were made
using the program R, version 2.11.1 (ref. 34).
31. Efron, B.&Tibshirani, R. Statistical data analysis in the computer age.Science253,
390–395 (1991).
32. Burnham, K. P. & Anderson, D. R.Model Selection and Multimodel Inference: A
Practical Information-Theoretic Approach 49–97 (Springer, 2002).
33. Burnham,K. P.&Anderson,D. R. Kullback-Leibler information as abasis for strong
inference in ecological studies.Wildl. Res. 28, 111–119 (2001).
34. R Development Core Team. The R Project for Statistical Computing, version 2.11. 1
Æhttp://www.R-project.orgæ (2011).
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Supplementary Table 1. Effect sizes by four core variables. Average random-model effect sizes (“Effect size”, “CI”) were calculated for full dataset (as 
well as a subset omitting data with opposite expectation) and by Continent, Taxon, Response metric, and Disturbance type. For each data subset, we 
repeated this procedure after resampling the random-model effect size calculations using 10,000 bootstrap samples (with replacement), from which we 
generated 95% confidence intervals (“Resample median”, “CI”). To address potential spatial and temporal autocorrelation from studies that include many 
comparisons (e.g., multiple measurements of the same taxa, measurements of multiple taxa, measurements of multiple disturbance types), we repeated this 
procedure after resampling one row per study for only the full dataset, again using 10,000 bootstrap samples (results are in parentheses). “Pairwise” and 
“studies” represent the number of pairwise comparisons and studies for each group. We repeated the calculations for all groups by limiting to studies where 
surrounding matrix of disturbed sites is natural to account for the influence of matrix effects. See methods for more details on effect size calculations. 
 All data included  Restricted to studies with natural surrounding matrix 









All 2220 138 0.51 0.44-0.58 0.51 (0.57) 
0.44-0.58 
(0.35-0.79)  1557 95 0.59 0.50-0.67 0.58 (0.65) 
0.49-0.68 
(0.37-0.94) 
All [omitting data with opposite 
expectation] 2040 136 0.46 0.39-0.52 0.46 (0.57) 
0.38-0.52 
(0.37-0.78)  1444 94 0.38 0.29-0.46 0.38 (0.53) 
0.28-0.47 
(0.25-0.82) 
              
Continent              
Africa 287 12 0.34 0.17-0.51 0.34 0.15-0.54  245 9 0.41 0.22-0.60 0.41 0.18-0.64 
Asia 608 52 0.95 0.84-1.06 0.95 0.83-1.08  436 38 1.17 1.03-1.32 1.17 1.01-1.34 
Central America 416 27 0.10 -0.05-0.24 0.10 -0.06-0.25  109 8 0.15 -0.17-0.47 0.15 -0.22-0.52 
South America 909 47 0.44 0.33-0.55 0.44 0.32-0.57  767 40 0.36 0.24-0.49 0.36 0.23-0.50 
Taxon              
Arthropods 593 51 0.64 0.53-0.76 0.64 0.52-0.78  381 35 0.63 0.48-0.78 0.62 0.46-0.80 
Arthropods [Order:Coleoptera] 173 20 1.02 0.78-1.25 1.01 0.75-1.30  125 16 1.06 0.78-1.34 1.06 0.75-1.39 
Arthropods [Order:Hymenoptera] 136 16 0.41 0.14-0.67 0.41 0.11-0.69  80 8 0.51 0.15-0.86 0.50 0.11-0.89 
Arthropods [Order:Lepidoptera] 134 20 0.58 0.31-0.84 0.58 0.28-0.89  122 17 0.57 0.30-0.85 0.57 0.27-0.90 
Birds 529 38 0.72 0.54-0.90 0.72 0.52-0.93  443 28 0.85 0.65-1.05 0.84 0.62-1.08 
Mammals 347 26 -0.12 -0.24- -0.01 -0.12 -0.24- -0.01  307 20 -0.13 -0.26- -0.01 -0.14 -0.26- -0.01 
Mammals [bats] 177 9 -0.24 -0.41- -0.07 -0.24 -0.42- -0.06  171 7 -0.25 -0.42- -0.08 -0.25 -0.43- -0.08 
Mammals [large] 9 3 -0.10 -0.57-0.38 -0.10 -0.56-0.34  9 3 -0.10 -0.57-0.38 -0.09 -0.55-0.35 
Mammals [primates] 13 4 0.52 -0.07-1.10 0.52 0.04-1.28  13 4 0.52 -0.07-1.10 0.52 0.04-1.27 




Mammals [miscellaneous] 50 7 -0.12 -0.28-0.04 -0.12 -0.27-0.03  37 4 -0.26 -0.41- -0.10 -0.26 -0.40- -0.11 
Plants 751 61 0.58 0.49-0.67 0.58 0.48-0.69  426 44 0.85 0.71-0.99 0.85 0.69-1.02 
Response metric              
Abundance 869 93 0.19 0.08-0.31 0.19 0.07-0.31  704 69 0.21 0.08-0.34 0.21 0.07-0.35 
Community Structure and 
Function 113 10 0.41 0.08-0.75 0.41 0.04-0.81  69 7 0.71 0.20-1.22 0.71 0.11-1.35 
Demographics 108 18 0.00 -0.19-0.19 0.00 -0.18-0.19  41 14 -0.04 -0.43-0.34 -0.04 -0.47-0.36 
Forest Structure 270 32 0.75 0.60-0.91 0.75 0.59-0.92  143 25 1.30 1.07-1.54 1.30 1.05-1.57 
Richness 860 102 0.83 0.73-0.94 0.83 0.72-0.95  600 67 0.89 0.76-1.02 0.89 0.74-1.04 
Richness [Forest specialists] 70 15 1.16 0.74-1.60 1.16 0.69-1.65  62 13 1.09 0.66-1.52 1.08 0.61-1.61 
Richness [Forest generalists] 34 6 0.35 -0.47-1.17 0.37 -0.71-1.23  26 5 0.67 -0.33-1.67 0.71 -0.57-1.68 
Richness [miscellaneous] 756 100 0.81 0.71-0.91 0.81 0.70-0.93  512 65 0.86 0.72-1.00 0.86 0.71-1.02 
Disturbance type              
Abandoned agriculture 109 13 1.05 0.77-1.34 1.05 0.74-1.37  59 7 1.54 1.12-1.95 1.53 1.07-2.00 
Agriculture 191 19 1.04 0.73-1.35 1.03 0.63-1.46  145 12 0.97 0.60-1.34 0.96 0.46-1.50 
Agroforestry 157 15 0.65 0.40-0.89 0.65 0.38-0.93  127 11 0.79 0.49-1.09 0.79 0.45-1.15 
Burned 111 13 0.87 0.61-1.13 0.87 0.57-1.18  91 11 0.73 0.44-1.02 0.73 0.40-1.09 
Clear-cut 7 2 2.31 0.70-3.92 2.31 0.73-5.45  7 2 2.31 0.70-3.92 2.32 0.73-5.32 
Hunted and Disturbed 45 8 0.01 -0.28-0.31 0.01 -0.35-0.28  31 5 0.14 -0.12-0.39 0.14 -0.11-0.38 
Other extraction 50 3 0.59 0.30-0.88 0.59 0.30-0.90  50 3 0.59 0.30-0.88 0.59 0.30-0.90 
Pastures 144 17 0.48 0.23-0.73 0.48 0.20-0.76  50 5 0.54 0.07-1.01 0.54 0.02-1.10 
Plantations 212 26 0.50 0.32-0.68 0.50 0.30-0.71  140 14 0.53 0.30-0.77 0.53 0.27-0.82 
Secondary 687 53 0.41 0.29-0.54 0.41 0.28-0.54  505 37 0.51 0.35-0.67 0.51 0.34-0.68 
Selectively logged 355 35 0.11 0.00-0.21 0.11 0.01-0.20  232 26 0.08 -0.05-0.21 0.08 -0.04-0.21 
Shaded plantations 152 19 0.65 0.36-0.94 0.65 0.31-1.00  120 9 0.85 0.50-1.20 0.86 0.44-1.28 





Supplementary Table 2. Effect sizes for two-level combinations of the Disturbance type with remaining three variables (e.g., Disturbance × 
Continent, etc.). Average random-model effect sizes (“Effect size”, “CI”) were calculated for each combination. For each data subset, we repeated this 
procedure after resampling the random-model effect size calculations using 10,000 bootstrap samples (with replacement), from which we generated 95% 
confidence intervals (“Resample median”, “CI”). “Pairwise” and “studies” represent the number of pairwise comparisons and studies for each group. We 
repeated the calculations for all groups by limiting to studies where surrounding matrix of disturbed sites is natural to account for the influence of matrix 
effects. See methods for more details on effect size calculations. “NA” indicates that no data is available or sample size is too small (n = 1) for effect size 
calculations. 
  All data included  Restricted to studies with natural surrounding matrix 










agriculture All 109 13 1.05 0.77-1.34 1.05 0.74-1.37  59 7 1.54 1.12-1.95 1.53 1.07-2.00 
 Africa 9 1 -0.62 -1.50-0.27 -0.62 -1.89-0.18  9 1 -0.62 -1.50-0.27 -0.61 -1.93-0.19 
 Asia 29 5 1.91 1.24-2.58 1.90 1.16-2.42  21 3 2.43 1.61-3.25 2.40 1.15-2.94 
 Central America 30 4 0.54 -0.04-1.12 0.54 -0.06-1.16  1 1 NA NA NA NA 
 South America 41 3 1.29 0.93-1.66 1.28 0.90-1.76  28 2 1.77 1.31-2.22 1.76 1.25-2.37 
 Arthropods 19 4 0.38 -0.09-0.85 0.37 -0.21-0.70  2 1 -8.26 NA -8.28 -9.75- -8.26 
 Birds 23 3 2.51 1.75-3.27 2.42 1.69-3.17  19 2 2.50 2.11-2.89 2.51 1.60-3.26 
 Mammals 12 3 -0.39 -1.01-0.23 -0.39 -1.29-0.12  12 3 -0.39 -1.01-0.23 -0.38 -1.29-0.12 
 Plants 55 5 1.18 0.79-1.56 1.17 0.75-1.62  26 2 1.90 1.44-2.36 1.89 1.38-2.52 
 Abundance 24 6 0.86 0.10-1.63 0.85 -0.05-1.69  22 5 0.73 -0.07-1.53 0.73 -0.24-1.62 
 
Community Structure and 
Function 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Demographics 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Forest Structure 30 4 1.44 0.74-2.15 1.44 0.67-2.22  14 2 2.94 2.23-3.65 2.94 2.22-3.71 
  Richness 55 10 0.88 0.59-1.17 0.88 0.61-1.16   23 5 1.18 0.80-1.56 1.16 0.90-1.57 
Agriculture All 191 19 1.04 0.73-1.35 1.04 0.63-1.46  145 12 0.97 0.60-1.34 0.96 0.46-1.50 
 Africa 60 6 0.62 0.16-1.08 0.61 -0.03-1.26  58 5 0.65 0.18-1.13 0.66 -0.03-1.32 
 Asia 33 5 2.59 1.85-3.33 2.57 1.67-3.79  30 4 2.90 2.12-3.69 2.91 1.91-4.20 
 Central America 19 3 0.54 -0.39-1.47 0.53 -0.44-1.46  0 0 NA NA NA NA 
 South America 79 5 0.91 0.39-1.42 0.90 0.23-1.58  57 3 0.39 -0.25-1.02 0.37 -0.47-1.29 
 Arthropods 50 8 1.52 1.06-1.97 1.52 1.03-2.07  24 4 1.09 0.38-1.80 1.08 0.30-2.06 
 Birds 65 6 1.94 1.28-2.61 1.93 0.99-2.96  48 4 2.55 1.73-3.38 2.53 1.31-3.84 
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 Mammals 46 3 -0.33 -0.62- -0.03 -0.32 -0.62- -0.02  46 3 -0.33 -0.62- -0.03 -0.33 -0.63- -0.02 
 Plants 30 7 0.70 0.05-1.34 0.69 -0.44-1.64  27 6 0.78 0.09-1.47 0.76 -0.53-1.84 
 Abundance 88 12 0.30 -0.26-0.86 0.29 -0.38-1.03  79 10 0.33 -0.28-0.93 0.33 -0.41-1.15 
 
Community Structure and 
Function 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Demographics 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Forest Structure 3 3 3.78 NA 3.78 3.78-3.80  3 3 3.78 NA 3.78 3.78-3.80 
  Richness 100 17 1.51 1.17-1.84 1.50 1.08-1.95   63 10 1.49 1.06-1.91 1.47 0.89-2.11 
Agroforestry All 157 15 0.65 0.40-0.89 0.65 0.37-0.93  127 11 0.79 0.49-1.09 0.79 0.45-1.15 
 Africa 42 3 0.80 0.24-1.35 0.80 0.18-1.38  42 3 0.80 0.24-1.35 0.80 0.17-1.39 
 Asia 108 9 0.57 0.29-0.85 0.57 0.27-0.93  83 7 0.75 0.40-1.11 0.75 0.36-1.23 
 Central America 5 2 0.27 -0.19-0.72 0.27 -0.03-0.73  0 0 NA NA NA NA 
 South America 2 1 0.87 0.20-1.55 0.87 0.60-1.31  2 1 0.87 0.20-1.55 0.87 0.60-1.31 
 Arthropods 53 6 -0.24 -0.67-0.19 -0.24 -0.73-0.22  53 6 -0.24 -0.67-0.19 -0.24 -0.72-0.23 
 Birds 33 5 1.98 1.30-2.67 1.97 1.07-3.20  31 4 2.20 1.46-2.94 2.19 1.23-3.49 
 Mammals 3 2 0.56 -0.07-1.19 0.56 0.24-1.22  0 0 NA NA NA NA 
 Plants 68 9 0.81 0.51-1.12 0.81 0.50-1.15  43 7 1.23 0.85-1.62 1.23 0.87-1.62 
 Abundance 30 6 0.58 -0.27-1.43 0.60 -0.38-1.53  30 6 0.58 -0.27-1.43 0.60 -0.37-1.54 
 
Community Structure and 
Function 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Demographics 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Forest Structure 8 4 1.63 0.79-2.48 1.62 1.27-3.32  8 4 1.63 0.79-2.48 1.62 1.27-3.26 
  Richness 119 15 0.56 0.32-0.80 0.56 0.30-0.85   89 11 0.73 0.42-1.04 0.72 0.39-1.12 
Burned All 111 13 0.87 0.61-1.13 0.86 0.58-1.18  91 11 0.73 0.44-1.02 0.73 0.40-1.09 
 Africa 4 1 -0.33 -0.93-0.27 -0.33 -0.80-0.15  4 1 -0.33 -0.93-0.27 -0.33 -0.80-0.15 
 Asia 48 7 1.58 1.17-2.00 1.58 1.13-2.13  28 5 1.87 1.17-2.57 1.87 1.10-2.82 
 Central America 0 0 NA NA NA NA  0 0 NA NA NA NA 
 South America 59 5 0.47 0.14-0.79 0.46 0.11-0.84  59 5 0.47 0.14-0.79 0.46 0.11-0.85 
 Arthropods 26 5 0.84 0.33-1.35 0.83 0.29-1.47  26 5 0.84 0.33-1.35 0.83 0.29-1.49 
 Birds 35 5 0.80 0.35-1.25 0.80 0.32-1.30  35 5 0.80 0.35-1.25 0.80 0.33-1.30 
 Mammals 12 1 -0.64 -0.82- -0.47 -0.64 -0.83- -0.50  12 1 -0.64 -0.82- -0.47 -0.64 -0.83- -0.50 
 Plants 38 6 1.54 1.09-2.00 1.53 1.02-2.17  18 4 1.92 1.03-2.81 1.91 0.82-3.54 
 Abundance 79 11 0.64 0.36-0.91 0.64 0.34-0.95  63 10 0.43 0.13-0.73 0.43 0.10-0.78 
 
Community Structure and 
Function 2 1 3.06 2.97-3.14 3.06 3.06-3.53  2 1 3.06 2.97-3.14 3.06 3.06-3.53 
 Demographics 3 2 1.01 -3.07-5.10 1.01 -1.82-5.87  2 1 -1.20 -2.17- -0.24 -1.20 -1.82- -0.81 
 Forest Structure 4 3 0.58 -0.42-1.59 0.57 -0.11-1.75  2 2 0.77 -1.07-2.60 0.77 0.77-1.75 
  Richness 23 10 2.05 1.24-2.86 2.01 1.03-3.33   22 9 2.15 1.29-3.01 2.13 1.10-3.52 
Clear-cut All 7 2 2.31 0.70-3.92 2.32 0.76-5.32  7 2 2.31 0.70-3.92 2.32 0.73-5.32 
 Africa 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Asia 0 0 NA NA NA NA  0 0 NA NA NA NA 
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 Central America 0 0 NA NA NA NA  0 0 NA NA NA NA 
 South America 7 2 2.31 0.70-3.92 2.32 0.75-5.33  7 2 2.31 0.70-3.92 2.31 0.75-5.43 
 Arthropods 7 2 2.31 0.70-3.92 2.29 0.74-5.32  7 2 2.31 0.70-3.92 2.33 0.75-5.32 
 Birds 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Mammals 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Plants 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Abundance 4 2 2.03 0.09-3.97 2.03 0.41-4.08  4 2 2.03 0.09-3.97 2.03 0.41-4.08 
 
Community Structure and 
Function 2 1 11.08 -4.18-26.34 11.08 4.71-20.61  2 1 11.08 -4.18-26.34 11.08 4.71-20.61 
 Demographics 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Forest Structure 0 0 NA NA NA NA  0 0 NA NA NA NA 
  Richness 1 1 NA NA NA NA   1 1 NA NA NA NA 
Hunted and 
Disturbed All 45 8 0.01 -0.29-0.31 0.02 -0.34-0.28  31 5 0.14 -0.12-0.39 0.14 -0.11-0.38 
 Africa 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Asia 17 4 0.18 -0.25-0.60 0.18 -0.20-0.62  16 3 0.09 -0.29-0.47 0.09 -0.26-0.43 
 Central America 15 3 -0.35 -1.06-0.35 -0.30 -1.32-0.22  2 1 0.37 0.16-0.57 0.37 0.37-0.37 
 South America 13 1 0.15 -0.25-0.55 0.15 -0.23-0.52  13 1 0.15 -0.25-0.55 0.15 -0.23-0.53 
 Arthropods 12 3 0.22 -0.44-0.87 0.22 -0.39-0.91  11 2 0.05 -0.55-0.65 0.05 -0.51-0.61 
 Birds 14 3 -0.14 -0.85-0.57 -0.10 -1.15-0.41  10 2 0.14 -0.18-0.47 0.15 -0.18-0.49 
 Mammals 7 1 0.20 -0.42-0.82 0.20 -0.38-0.76  7 1 0.20 -0.42-0.82 0.20 -0.37-0.76 
 Plants 12 3 -0.11 -0.40-0.19 -0.10 -0.39-0.15  3 2 0.22 -0.11-0.56 0.22 -0.06-0.54 
 Abundance 20 5 0.04 -0.51-0.58 0.06 -0.73-0.49  18 4 0.25 -0.07-0.57 0.25 -0.06-0.55 
 
Community Structure and 
Function 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Demographics 11 2 -0.11 -0.44-0.21 -0.12 -0.42-0.17  2 1 0.37 0.16-0.57 0.37 0.37-0.37 
 Forest Structure 0 0 NA NA NA NA  0 0 NA NA NA NA 
  Richness 14 5 0.07 -0.42-0.56 0.07 -0.35-0.61   11 3 -0.15 -0.64-0.33 -0.14 -0.57-0.30 
Other extraction All 50 3 0.59 0.30-0.88 0.59 0.30-0.90  50 3 0.59 0.30-0.88 0.59 0.30-0.90 
 Africa 1 1 NA NA NA NA  1 1 NA NA NA NA 
 Asia 49 2 0.63 0.35-0.92 0.63 0.35-0.94  49 2 0.63 0.35-0.92 0.64 0.36-0.93 
 Central America 0 0 NA NA NA NA  0 0 NA NA NA NA 
 South America 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Arthropods 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Birds 2 1 0.91 0.46-1.35 0.91 0.72-1.19  2 1 0.91 0.46-1.35 0.91 0.72-1.19 
 Mammals 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Plants 48 3 0.58 0.28-0.88 0.58 0.28-0.91  48 3 0.58 0.28-0.88 0.58 0.28-0.90 
 Abundance 9 3 0.47 -0.19-1.13 0.47 -0.31-0.98  9 3 0.47 -0.19-1.13 0.48 -0.31-0.98 
 
Community Structure and 
Function 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Demographics 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Forest Structure 33 2 0.76 0.38-1.13 0.76 0.38-1.17  33 2 0.76 0.38-1.13 0.75 0.38-1.17 
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  Richness 8 2 0.12 -0.48-0.72 0.11 -0.37-0.75   8 2 0.12 -0.48-0.72 0.11 -0.37-0.74 
Pastures All 144 17 0.48 0.23-0.73 0.48 0.21-0.76  50 5 0.54 0.07-1.01 0.54 0.02-1.10 
 Africa 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Asia 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Central America 102 12 0.15 -0.14-0.45 0.15 -0.18-0.49  36 2 0.42 -0.11-0.95 0.43 -0.15-1.05 
 South America 42 5 1.29 0.85-1.73 1.29 0.84-1.74  14 3 0.93 -0.12-1.98 0.91 -0.20-2.27 
 Arthropods 57 8 0.71 0.28-1.14 0.71 0.23-1.19  14 3 0.93 -0.12-1.98 0.92 -0.18-2.28 
 Birds 41 5 0.30 -0.21-0.82 0.31 -0.27-0.88  33 2 0.20 -0.31-0.70 0.20 -0.34-0.74 
 Mammals 9 3 0.71 0.36-1.07 0.70 0.22-1.22  0 0 NA NA NA NA 
 Plants 37 3 0.23 -0.23-0.69 0.22 -0.25-0.75  3 1 4.68 1.56-7.81 4.68 2.85-8.43 
 Abundance 45 9 0.04 -0.43-0.51 0.05 -0.49-0.60  37 5 0.28 -0.26-0.82 0.28 -0.30-0.95 
 
Community Structure and 
Function 15 3 0.78 -0.40-1.96 0.80 -0.48-1.95  4 2 0.77 -1.99-3.54 0.84 -1.12-18.46 
 Demographics 23 2 -0.20 -0.51-0.12 -0.20 -0.51-0.07  0 0 NA NA NA NA 
 Forest Structure 1 1 NA NA NA NA  1 1 NA NA NA NA 
  Richness 60 12 1.04 0.66-1.42 1.04 0.62-1.42   8 3 1.49 0.57-2.40 1.48 0.63-2.49 
Plantations All 212 26 0.50 0.32-0.68 0.50 0.30-0.71  140 14 0.53 0.30-0.77 0.53 0.27-0.82 
 Africa 75 4 0.43 0.16-0.70 0.43 0.16-0.73  47 2 0.69 0.34-1.05 0.70 0.33-1.20 
 Asia 27 6 0.32 -0.06-0.71 0.31 -0.05-0.69  10 4 -0.01 -0.87-0.86 -0.02 -0.98-0.87 
 Central America 35 9 0.43 -0.07-0.94 0.43 -0.11-1.10  16 2 0.10 -0.60-0.80 0.10 -0.58-1.03 
 South America 75 7 0.69 0.33-1.05 0.69 0.29-1.12  67 6 0.59 0.22-0.95 0.59 0.19-1.03 
 Arthropods 60 15 0.54 0.17-0.92 0.54 0.13-1.00  36 8 0.31 -0.10-0.72 0.31 -0.11-0.78 
 Birds 101 6 0.65 0.33-0.96 0.65 0.31-1.03  72 4 0.97 0.54-1.41 0.98 0.48-1.52 
 Mammals 5 2 0.16 -0.18-0.50 0.17 -0.30-0.51  3 1 0.29 -0.17-0.75 0.29 0.05-0.53 
 Plants 46 7 0.32 0.06-0.58 0.32 0.08-0.60  29 4 0.18 -0.15-0.51 0.18 -0.14-0.53 
 Abundance 54 15 0.16 -0.22-0.54 0.16 -0.25-0.61  43 9 0.19 -0.23-0.61 0.19 -0.25-0.68 
 
Community Structure and 
Function 46 4 0.51 0.01-1.01 0.51 -0.03-1.12  25 3 1.27 0.32-2.22 1.27 0.12-2.55 
 Demographics 3 2 -1.33 -2.64- -0.01 -1.33 -2.70- -0.29  3 2 -1.33 -2.64- -0.01 -1.33 -2.70- -0.29 
 Forest Structure 3 2 1.42 -0.58-3.41 1.42 0.19-2.76  1 1 NA  NA NA NA 
  Richness 106 22 0.68 0.46-0.89 0.67 0.45-0.94   68 10 0.58 0.32-0.84 0.58 0.31-0.91 
Secondary All 687 53 0.41 0.29-0.54 0.41 0.28-0.54  505 37 0.51 0.35-0.67 0.51 0.34-0.68 
 Africa 95 7 0.01 -0.23-0.26 0.01 -0.23-0.27  83 5 0.02 -0.27-0.30 0.02 -0.27-0.32 
 Asia 107 15 0.99 0.74-1.24 0.99 0.71-1.30  72 9 1.37 1.01-1.73 1.36 0.96-1.83 
 Central America 112 9 0.01 -0.26-0.29 0.02 -0.30-0.31  38 3 0.04 -0.63-0.71 0.04 -0.80-0.90 
 South America 373 22 0.46 0.27-0.64 0.46 0.28-0.64  312 20 0.48 0.27-0.69 0.48 0.29-0.69 
 Arthropods 230 22 0.75 0.57-0.92 0.75 0.56-0.95  151 15 1.03 0.80-1.25 1.03 0.77-1.31 
 Birds 152 18 0.13 -0.22-0.48 0.13 -0.25-0.51  145 14 0.12 -0.24-0.49 0.12 -0.26-0.52 
 Mammals 110 10 0.12 -0.07-0.31 0.12 -0.07-0.30  108 8 0.12 -0.07-0.31 0.12 -0.07-0.31 
 Plants 195 25 0.34 0.15-0.54 0.34 0.13-0.55  101 19 0.59 0.25-0.93 0.59 0.17-1.02 
 Abundance 315 40 0.23 0.05-0.42 0.24 0.06-0.41  243 30 0.23 0.01-0.46 0.23 0.03-0.45 




 Demographics 26 7 0.51 0.08-0.94 0.52 0.11-0.92  9 6 0.77 -0.38-1.93 0.77 -0.36-1.95 
 Forest Structure 75 14 0.57 0.28-0.86 0.57 0.27-0.90  28 12 1.46 0.91-2.02 1.46 0.86-2.25 
  Richness 246 42 0.62 0.41-0.83 0.62 0.38-0.87   206 29 0.72 0.48-0.97 0.73 0.44-1.01 
Selectively logged All 355 35 0.11 0.00-0.21 0.11 0.01-0.21  232 26 0.08 -0.05-0.21 0.08 -0.04-0.21 
 Africa 1 1 NA NA NA NA  1 1 NA NA NA NA 
 Asia 112 20 0.63 0.44-0.82 0.63 0.44-0.84  53 14 0.92 0.64-1.21 0.92 0.66-1.22 
 Central America 73 3 -0.05 -0.25-0.15 -0.05 -0.22-0.13  11 1 0.26 -0.52-1.04 0.25 -0.46-1.12 
 South America 169 11 -0.16 -0.29- -0.02 -0.16 -0.28- -0.03  167 10 -0.16 -0.30- -0.03 -0.16 -0.29- -0.04 
 Arthropods 30 11 0.20 -0.22-0.62 0.19 -0.18-0.62  21 9 0.04 -0.27-0.35 0.04 -0.26-0.31 
 Birds 30 7 0.06 -0.17-0.28 0.07 -0.13-0.30  24 3 -0.05 -0.32-0.22 -0.05 -0.24-0.25 
 Mammals 113 9 -0.11 -0.29-0.06 -0.11 -0.27-0.05  91 8 -0.04 -0.25-0.17 -0.04 -0.23-0.17 
 Plants 182 13 0.23 0.09-0.38 0.23 0.09-0.38  96 9 0.22 0.00-0.45 0.23 0.00-0.45 
 Abundance 145 22 -0.20 -0.35- -0.05 -0.20 -0.33- -0.06  117 16 -0.22 -0.38- -0.06 -0.22 -0.36- -0.08 
 
Community Structure and 
Function 22 4 0.18 -0.22-0.58 0.18 -0.20-0.58  16 3 0.22 -0.30-0.74 0.22 -0.28-0.74 
 Demographics 42 6 -0.05 -0.33-0.23 -0.05 -0.36-0.23  25 5 -0.05 -0.49-0.39 -0.05 -0.57-0.39 
 Forest Structure 102 10 0.41 0.22-0.59 0.41 0.23-0.58  44 6 0.54 0.23-0.85 0.55 0.25-0.83 
  Richness 44 20 0.57 0.26-0.88 0.57 0.26-0.93   30 12 0.68 0.30-1.06 0.69 0.31-1.18 
Shaded plantations All 152 19 0.65 0.36-0.94 0.65 0.32-1.00  120 9 0.85 0.50-1.20 0.86 0.44-1.28 
 Africa 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Asia 78 6 1.49 1.12-1.87 1.49 1.08-1.92  74 5 1.52 1.13-1.92 1.52 1.08-1.98 
 Central America 25 7 -0.36 -0.96-0.25 -0.35 -1.01-0.33  5 1 -1.37 -2.38- -0.37 -1.37 -3.07- -0.67 
 South America 49 6 -0.18 -0.70-0.34 -0.18 -0.81-0.44  41 3 -0.14 -0.81-0.52 -0.15 -0.89-0.62 
 Arthropods 49 9 0.48 0.06-0.91 0.48 0.00-1.00  36 4 0.51 -0.05-1.06 0.50 -0.11-1.12 
 Birds 33 6 0.44 -0.08-0.96 0.45 -0.15-0.96  24 3 0.90 0.41-1.39 0.90 0.32-1.38 
 Mammals 30 3 -1.32 -2.02- -0.61 -1.33 -1.98- -0.57  28 2 -1.28 -2.02- -0.54 -1.29 -1.98- -0.48 
 Plants 40 8 2.59 2.01-3.17 2.59 1.97-3.23  32 5 3.20 2.63-3.78 3.19 2.63-3.82 
 Abundance 56 13 -0.19 -0.65-0.28 -0.18 -0.71-0.36  39 6 -0.05 -0.67-0.57 -0.04 -0.75-0.66 
 
Community Structure and 
Function 1 1 -1.84 -3.34- -0.33 -1.84 -1.84- -1.84  1 1 -1.84 -3.34- -0.33 -1.84 -1.84- -1.84 
 Demographics 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Forest Structure 11 2 2.42 1.15-3.68 2.42 1.19-3.60  9 1 3.04 2.12-3.97 3.02 2.14-4.10 
 Richness 84 17 1.05 0.68-1.42 1.05 0.61-1.50  71 9 1.11 0.68-1.55 1.12 0.62-1.63 





Supplementary Table 3. Effect sizes for two-level combinations of Response metric with two other variables (e.g., Metric × Continent, etc.). See 
Supplementary Table 2 for abbreviations and other details. 
  All data included  Restricted to studies with natural surrounding matrix 









Abundance All 869 93 0.19 0.08-0.31 0.19 0.08-0.31  704 69 0.21 0.08-0.34 0.21 0.07-0.35 
 Africa 117 9 -0.19 -0.49-0.11 -0.19 -0.54-0.16  111 7 -0.18 -0.49-0.14 -0.18 -0.55-0.18 
 Asia 141 33 1.00 0.76-1.23 1.00 0.74-1.26  85 23 1.25 0.90-1.60 1.25 0.86-1.64 
 Central America 106 12 -0.26 -0.58-0.06 -0.26 -0.62-0.08  72 5 0.13 -0.22-0.48 0.13 -0.25-0.51 
 South America 505 39 0.15 0.01-0.30 0.15 0.00-0.31  436 34 0.13 -0.03-0.30 0.13 -0.03-0.31 
 Arthropods 254 32 0.35 0.18-0.52 0.35 0.16-0.54  158 21 0.42 0.18-0.65 0.42 0.15-0.68 
 Birds 224 29 0.41 0.11-0.72 0.41 0.09-0.73  207 24 0.54 0.22-0.86 0.54 0.21-0.87 
 Mammals 281 20 -0.24 -0.36- -0.12 -0.24 -0.36- -0.12  258 17 -0.22 -0.35- -0.10 -0.22 -0.35- -0.10 
  Plants 110 30 0.63 0.34-0.93 0.63 0.30-0.97   81 23 0.48 0.10-0.86 0.49 0.03-0.92 
Community 
Structure and 
Function All 113 10 0.41 0.08-0.75 0.42 0.04-0.80  69 7 0.71 0.20-1.22 0.71 0.11-1.35 
 Africa 33 2 0.36 -0.19-0.91 0.36 -0.18-1.08  12 1 2.67 0.74-4.60 2.63 0.20-6.51 
 Asia 2 1 3.06 2.97-3.14 3.06 3.06-3.53  2 1 3.06 2.97-3.14 3.06 3.06-3.53 
 Central America 34 4 0.21 -0.33-0.75 0.21 -0.37-0.77  11 2 0.09 -0.80-0.97 0.08 -0.78-1.01 
 South America 44 3 0.49 -0.13-1.12 0.49 -0.25-1.28  44 3 0.49 -0.13-1.12 0.49 -0.22-1.26 
 Arthropods 6 1 2.70 -0.41-5.82 2.78 -0.50-12.39  6 1 2.70 -0.41-5.82 2.71 -0.43-12.64 
 Birds 68 4 0.35 -0.11-0.81 0.34 -0.17-0.92  47 3 0.67 -0.03-1.36 0.66 -0.17-1.57 
 Mammals 14 2 0.37 -0.17-0.91 0.37 -0.15- -0.93  14 2 0.37 -0.17-0.91 0.37 -0.15-0.93 
  Plants 25 3 0.48 -0.21-1.17 0.48 -0.28-1.21   2 1 3.06 2.97-3.14 3.06 3.06-3.53 
Demographics All 108 18 0.00 -0.19-0.19 0.00 -0.18-0.19  41 14 -0.04 -0.43-0.34 -0.04 -0.47-0.36 
 Africa 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Asia 17 6 0.63 0.13-1.12 0.63 0.20-1.31  16 5 0.47 0.14-0.81 0.48 0.09-0.73 
 Central America 71 6 -0.10 -0.29-0.09 -0.10 -0.29-0.08  5 3 -1.10 -2.47-0.26 -1.10 -2.39-0.12 
 South America 20 6 -0.20 -0.87-0.46 -0.19 -0.89-0.51  20 6 -0.20 -0.87-0.46 -0.20 -0.89-0.51 
 Arthropods 2 1 -0.08 -0.64-0.47 -0.08 -0.42-0.16  2 1 -0.08 -0.64-0.47 -0.08 -0.42-0.16 
 Birds 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Mammals 1 1 NA NA NA NA  1 1 NA NA NA NA 
  Plants 105 16 0.00 -0.20-0.20 0.00 -0.19-0.19   38 12 -0.05 -0.47-0.37 -0.05 -0.51-0.38 
Forest Structure All 270 32 0.75 0.60-0.91 0.75 0.59-0.92  143 25 1.30 1.07-1.54 1.30 1.05-1.57 
 Africa 10 4 1.43 0.64-2.22 1.41 0.64-2.46  10 4 1.43 0.64-2.22 1.43 0.61-2.46 
 Asia 102 12 1.04 0.83-1.26 1.04 0.82-1.29  65 8 1.36 1.03-1.70 1.36 1.02-1.78 
 Central America 93 5 0.02 -0.22-0.27 0.02 -0.22-0.26  3 2 2.23 0.75-3.71 2.23 0.95-3.34 
 South America 65 11 1.17 0.80-1.54 1.17 0.78-1.60  65 11 1.17 0.80-1.54 1.17 0.78-1.60 
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 Arthropods 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Birds 0 0 NA NA NA NA  0 0 NA NA NA NA 
 Mammals 0 0 NA NA NA NA  0 0 NA NA NA NA 
  Plants 270 32 0.75 0.60-0.91 0.75 0.58-0.93   143 25 1.30 1.07-1.54 1.30 1.05-1.57 
Richness All 860 102 0.83 0.73-0.94 0.83 0.72-0.95  600 67 0.89 0.76-1.02 0.89 0.74-1.04 
 Africa 127 10 0.67 0.46-0.89 0.67 0.43-0.94  112 7 0.73 0.49-0.97 0.73 0.46-1.04 
 Asia 346 42 0.90 0.75-1.06 0.90 0.73-1.09  268 31 1.15 0.95-1.34 1.15 0.92-1.39 
 Central America 112 20 0.62 0.32-0.93 0.62 0.26-0.98  18 5 0.28 -0.82-1.37 0.27 -1.38-1.97 
 South America 275 30 0.87 0.66-1.07 0.87 0.64-1.08  202 24 0.66 0.41-0.90 0.65 0.38-0.91 
 Arthropods 331 38 0.88 0.72-1.04 0.88 0.70-1.07  215 25 0.78 0.59-0.97 0.77 0.57-1.00 
 Birds 237 33 1.08 0.84-1.32 1.08 0.81-1.35  189 24 1.20 0.92-1.48 1.20 0.87-1.54 
 Mammals 51 14 0.42 0.10-0.75 0.42 0.08-0.74  34 9 0.40 -0.08-0.87 0.40 -0.14-0.90 
 Plants 241 36 0.62 0.47-0.78 0.62 0.45-0.82  162 26 0.79 0.57-1.00 0.78 0.53-1.07 





Supplementary Table 4. Effect sizes for two-level combinations of Taxon with Continent. See Supplementary Table 2 for abbreviations and other 
details. 
  All data included  Restricted to studies with natural surrounding matrix 









Arthropods All 593 51 0.64 0.53-0.76 0.64 0.52-0.78  381 35 0.63 0.48-0.78 0.62 0.46-0.80 
 Africa 46 2 -0.28 -0.73-0.16 -0.28 -0.75-0.24  40 1 -0.31 -0.81-0.18 -0.32 -0.85-0.27 
 Asia 170 21 0.66 0.42-0.90 0.66 0.39-0.93  153 18 0.61 0.36-0.86 0.61 0.32-0.89 
 
Central 
America 55 8 0.00 -0.42-0.41 0.00 -0.44-0.49  0 0 NA NA NA NA 
 
South 
America 322 20 0.85 0.71-0.99 0.85 0.70-1.01  188 16 0.82 0.63-1.00 0.81 0.62-1.03 
Birds All 529 38 0.72 0.54-0.90 0.72 0.51-0.92  443 28 0.85 0.65-1.05 0.84 0.62-1.08 
 Africa 120 5 0.76 0.47-1.04 0.75 0.43-1.11  95 4 1.01 0.67-1.36 1.01 0.61-1.47 
 Asia 100 13 1.75 1.45-2.05 1.75 1.38-2.22  89 9 1.98 1.65-2.31 1.98 1.57-2.49 
 
Central 
America 111 5 0.06 -0.27-0.38 0.06 -0.30-0.41  65 2 -0.03 -0.36-0.31 -0.03 -0.40-0.33 
 
South 
America 198 15 0.42 0.09-0.74 0.41 0.03-0.80  194 13 0.43 0.10-0.75 0.43 0.05-0.83 
Mammals All 347 26 -0.12 -0.24- -0.01 -0.12 -0.24- -0.01  307 20 -0.13 -0.26- -0.01 -0.14 -0.26- -0.01 
 Africa 46 1 -0.18 -0.57-0.20 -0.18 -0.61-0.21  46 1 -0.18 -0.57-0.20 -0.19 -0.60-0.21 
 Asia 35 6 0.07 -0.28-0.42 0.07 -0.23-0.50  12 4 1.50 0.60-2.40 1.50 0.60-3.09 
 
Central 
America 27 5 0.44 0.11-0.77 0.43 0.14-0.75  12 2 0.22 -0.47-0.92 0.20 -0.43-0.96 
 
South 
America 239 14 -0.21 -0.33- -0.08 -0.21 -0.33- -0.07  237 13 -0.20 -0.33- -0.07 -0.20 -0.33- -0.07 
Plants All 751 61 0.58 0.49-0.67 0.58 0.48-0.68  426 44 0.85 0.71-0.99 0.85 0.69-1.02 
 Africa 75 7 0.49 0.21-0.78 0.49 0.12-0.84  64 6 0.58 0.25-0.91 0.57 0.12-0.99 
 Asia 303 25 0.95 0.82-1.09 0.96 0.81-1.12  182 17 1.24 1.03-1.45 1.24 1.01-1.49 
 
Central 
America 223 12 0.08 -0.09-0.26 0.08 -0.09-0.27  32 5 0.60 -0.22-1.41 0.58 -0.50-1.77 
 
South 
America 150 17 0.56 0.33-0.78 0.55 0.32-0.81  148 16 0.57 0.34-0.80 0.57 0.32-0.83 





Supplementary Table 5. Correlates of ecological responses. Generalized linear model (GLM) results 
relating the standardised response (i.e., Hedges’ g*) to the following predictors: Continent, taxonomic 
group (Taxon), response metric (Metric), disturbance type (Disturbance), time since disturbance (Time), 
and mean isolation distance between disturbed and primary sites (Distance), in up to 64 possible variable 
combinations, including the null (intercept only) model. A random subset of the full dataset was selected, 
such that only one pairwise comparison from each study was fitted using GLM. This selection procedure 
was then repeated 10,000 times. “Proportion as top-ranked model” is the proportion of times each model 
was selected as the top-ranked model, based on Akaike’s information criterion (AICc). The percent 
deviance explained (% DE) gives the structural goodness-of-fit of each model, with 95% CIs being 2.5 
and 97.5 percentiles of the 10,000 sample fits. The number of fitted parameters (k) includes the regression 
intercept, model coefficients and residual variance. Results from three datasets are shown: a) all data; b) 
data collected from disturbed sites with natural surrounding matrix; and c) data collected from disturbed 
sites with natural surrounding matrix and with information on Time and Distance. “NA” indicates that 




top-ranked model % DE 2.5% 97.5% 
a) All data (n = 2203) 
     
Null 2 0.3726 0.00 0.00 0.00 
Continent 5 0.2312 6.51 4.59 10.44 
Metric 6 0.1435 9.33 6.09 18.80 
Continent + Metric 10 0.0796 15.64 10.82 26.71 
Continent + Disturbance 16 0.0386 33.39 20.64 52.17 
Disturbance 13 0.0382 30.90 15.92 47.42 
Taxon 5 0.0366 5.75 4.54 8.88 
Continent + Taxon 8 0.0177 12.29 9.26 17.44 
Taxon + Metric 9 0.0119 15.23 11.27 23.71 
Metric + Disturbance 17 0.0106 38.07 23.74 52.52 
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Continent + Metric + Disturbance 20 0.0096 38.99 28.00 53.91 
Continent + Taxon + Metric 12 0.0053 20.97 16.28 29.01 
Taxon + Disturbance 16 0.0023 32.86 20.46 54.02 
Continent + Taxon + Disturbance 19 0.0015 37.57 25.23 57.11 
Taxon + Metric + Disturbance 20 0.0005 40.52 34.92 47.88 
Continent + Taxon + Metric + Disturbance 23 0.0003 46.16 38.03 57.13 
            
b) Matrix: natural (n = 1544) 
    
Null 2 0.4713 0.00 0.00 0.00 
Continent 5 0.1871 9.36 6.75 15.28 
Metric 6 0.1473 15.91 8.88 44.40 
Disturbance 13 0.0438 37.67 22.99 59.67 
Continent + Metric 10 0.0365 25.18 16.05 58.68 
Taxon 5 0.0281 8.40 6.71 12.18 
Continent + Disturbance 16 0.0251 44.90 29.52 68.05 
Metric + Disturbance 17 0.0168 47.24 34.32 64.68 
Continent + Metric + Disturbance 20 0.0154 52.78 40.78 66.07 
Taxon + Metric 9 0.0115 24.94 15.77 49.88 
Continent + Taxon 8 0.0101 17.12 13.64 22.84 
Continent + Taxon + Metric 12 0.0032 33.24 23.55 58.67 
Taxon + Disturbance 16 0.0023 39.27 28.33 58.70 
Continent + Taxon + Disturbance 19 0.0007 42.55 37.91 53.00 
Taxon + Metric + Disturbance 20 0.0006 48.83 39.82 55.86 
Continent + Taxon + Metric + Disturbance 23 0.0002 58.81 53.87 63.75 
            
c) Matrix: natural; Time and Distance (n = 636) 
   
Null 2 0.2743 0.00 0.00 0.00 
Continent + Disturbance 16 0.1210 74.92 57.70 93.75 
Disturbance 13 0.1066 68.36 41.60 91.25 
Continent + Metric 9 0.0976 51.79 36.86 84.72 
Taxon 5 0.0757 21.35 17.16 31.01 
Continent 5 0.0687 22.91 17.34 33.09 
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Metric 6 0.0509 42.89 17.19 86.64 
Taxon + Metric 9 0.0366 52.04 36.21 88.39 
Time 3 0.0202 8.60 5.75 15.63 
Continent + Taxon + Metric 12 0.0140 65.24 54.33 86.92 
Dist 3 0.0140 7.97 5.70 14.14 
Continent + Dist 6 0.0130 32.81 25.36 41.91 
Continent + Time 6 0.0110 32.66 23.42 43.76 
Taxon + Time 5 0.0084 30.31 23.29 42.66 
Continent + Metric + Dist 10 0.0068 57.19 43.63 85.15 
Continent + Taxon 8 0.0066 39.38 33.91 45.43 
Continent + Taxon + Dist 9 0.0063 47.43 41.07 56.52 
Disturbance + Dist 14 0.0055 70.79 48.56 93.46 
Continent + Metric + Time 10 0.0052 60.01 46.95 89.94 
Continent + Disturbance + Time 17 0.0051 79.20 65.46 91.72 
Taxon + Metric + Dist 10 0.0048 53.71 39.84 90.47 
Continent + Disturbance + Dist 17 0.0046 76.51 55.34 91.10 
Metric + Disturbance 17 0.0042 78.57 61.41 93.70 
Taxon + Disturbance 16 0.0042 78.65 58.15 92.93 
Taxon + Metric + Time 10 0.0037 56.82 41.77 83.17 
Continent + Taxon + Metric + Dist 13 0.0032 68.76 59.69 83.50 
Metric + Time 7 0.0031 43.08 24.86 79.84 
Disturbance + Time 14 0.0030 69.35 45.06 89.03 
Metric + Dist 7 0.0026 37.18 21.32 77.00 
Time + Dist 4 0.0026 16.83 11.94 25.84 
Continent + Metric + Disturbance 20 0.0024 86.09 73.09 94.04 
Taxon + Dist 6 0.0024 27.10 23.05 36.06 
Continent + Taxon + Disturbance 19 0.0017 80.11 69.17 93.86 
Taxon + Metric + Disturbance 20 0.0017 85.91 73.34 95.93 
Taxon + Time + Dist 7 0.0017 33.99 28.36 41.52 
Continent + Taxon + Metric + Disturbance 23 0.0012 89.27 83.72 94.65 
Continent + Taxon + Metric + Time 13 0.0006 77.54 67.17 92.19 
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Continent + Time + Dist 7 0.0006 43.00 36.83 48.16 
Taxon + Metric + Time + Dist 11 0.0006 58.20 52.57 74.18 
Continent + Metric + Time + Dist 11 0.0005 63.42 58.82 66.24 
Metric + Disturbance + Dist 18 0.0005 75.55 64.76 82.61 
Continent + Disturbance + Time + Dist 18 0.0003 84.46 78.60 87.94 
Continent + Taxon + Metric + Time + Dist 14 0.0003 78.96 68.35 89.85 
Continent + Taxon + Time 9 0.0003 47.04 43.36 52.44 
Metric + Disturbance + Time 18 0.0003 86.03 76.34 92.33 
Continent + Taxon + Disturbance + Dist 20 0.0002 79.65 70.04 89.27 
Continent + Taxon + Time + Dist 10 0.0002 53.64 51.07 56.20 
Metric + Time + Dist 8 0.0002 34.70 29.80 39.60 
Taxon + Disturbance + Dist 17 0.0002 80.81 80.76 80.86 
Taxon + Metric + Disturbance + Dist 21 0.0002 87.88 83.65 92.12 
Continent + Metric + Disturbance + Dist 21 0.0001 80.40 80.40 80.40 
Disturbance + Time + Dist 15 0.0001 76.87 76.87 76.87 
Taxon + Disturbance + Time 17 0.0001 89.61 89.61 89.61 
Taxon + Metric + Disturbance +Time 21 0.0001 77.04 77.04 77.04 
Continent + Metric + Disturbance + Time 21 0 NA   NA     NA  
Continent + Metric + Disturbance + Time + Dist 22 0 NA   NA     NA 
Continent + Taxon + Disturbance + Time 20 0 NA   NA     NA 
Continent + Taxon + Disturbance + Time + Dist 21 0 NA   NA     NA  
Continent + Taxon + Metric + Disturbance + Dist 24 0 NA   NA     NA  
Continent + Taxon + Metric + Disturbance + Time 24 0 NA   NA     NA  
Continent + Taxon + Metric + Disturbance + Time + Dist 25 0 NA   NA     NA  
Metric + Disturbance + Time + Dist 19 0 NA   NA     NA  
Taxon + Disturbance + Time + Dist 18 0 NA   NA     NA 






Supplementary Figure 1 | Boxplots of bootstrapped effect size by (a) disturbance type and 
(b) taxon where effect sizes are further divided by metric and continent, respectively, and points 
are plotted for the median effect size (overlapping points are stacked) by each subgroup (“AF” = 
Africa, “AS” = Asia, “CA” = Central America, “SA” = South America, “abu” = abundance, 
“com” = community structure and function, “dem” = demographics, “for” = forest structure, 
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“ric” = richness). The vertical black and grey dashed lines represent an effect size of zero and the 
median effect size for the entire dataset, respectively.
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 Supplementary Figure 2 | Partial mixed-effects plots (the effect of a specific predictor when 
the random effect (i.e., Study/paper) in the generalized linear mixed-effects model is held 
constant) of two predictors: (a) Mean isolation distance between all primary and disturbed 
sites, and (b) Time since disturbance for all sites with natural vegetation in surrounding matrix. 
Dashed lines represent 95% highest posterior density credible intervals. Separately, we did not 
detect any relationship between Hedges’ g* and isolation distance (fixed effect β = 0.34, t = 0.77, 




 Supplementary Figure 3 | Funnel plot of effect size standard error plotted against effect 
size. The symmetrical plot suggests there is no relationship between effect size and study size, 





Supplementary Figure 4 | Cumulative meta-analysis of the dataset sorted by precision, from 
comparisons with small standard errors to those with large standard errors. At each comparison 
(n = 2220), the cumulative effect size and 95% confidence intervals are plotted. Although the 
addition of the most imprecise third of comparisons (those with the largest standard errors) does 
cause the cumulative effect size to increase, the effect size remains positive and does not overlap 
with 0 (grey dashed line) at any point after the first 163 comparisons. After the first 80 
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Near-Complete Extinction of Native
Small Mammal Fauna 25 Years
After Forest Fragmentation
Luke Gibson,1* Antony J. Lynam,2 Corey J. A. Bradshaw,3 Fangliang He,4,5* David P. Bickford,1*
David S. Woodruff,6 Sara Bumrungsri,7 William F. Laurance8
Tropical forests continue to be felled and fragmented around the world. A key question is how rapidly
species disappear from forest fragments and how quickly humans must restore forest connectivity to
minimize extinctions. We surveyed small mammals on forest islands in Chiew Larn Reservoir in
Thailand 5 to 7 and 25 to 26 years after isolation and observed the near-total loss of native small
mammals within 5 years from <10-hectare (ha) fragments and within 25 years from 10- to 56-ha
fragments. Based on our results, we developed an island biogeographic model and estimated mean
extinction half-life (50% of resident species disappearing) to be 13.9 years. These catastrophic
extinctions were probably partly driven by an invasive rat species; such biotic invasions are becoming
increasingly common in human-modified landscapes. Our results are thus particularly relevant to
other fragmented forest landscapes and suggest that small fragments are potentially even more
vulnerable to biodiversity loss than previously thought.
Rapid deforestation poses a major threatto one of the planet’s greatest bastionsof biodiversity, tropical forests (1–4).
Whether by chance or design, small fragments
of forest typically persist in the aftermath of
deforestation, effectively islands within a sea
of agriculture, urbanization, or other modified
lands that are unsuitable for most forest spe-
cies (5, 6). Many of the species that originally
occupied the forest will disappear from these
isolated fragments, but this loss occurs over a
relaxation period until a new, more depauper-
ate equilibrium community is reached (7). The
number of species that will ultimately disap-
pear from a forest fragment—its “extinction
debt” (8)—will vary based on the size of the frag-
ment, its surrounding habitat, the vagility of its
constituent and neighboring species, and its dis-
tance from source populations (9).
Extinctions can be averted by reducing de-
forestation rates and reforesting fragmented for-
est landscapes (10). However, it remains uncertain
how quickly such actions must be taken and what
minimum fragment size is required to maintain
functioning biotic communities. For 1000-ha for-
est fragments in Kenya, half of the total bird ex-
tinctions are projected to occur within 50 years,
giving conservationists some time to mitigate
conditions in large fragments (11). However, for
smaller fragments, relaxation times are generally
much more rapid (12, 13), and for ≤100-ha frag-
ments, half of their original species can disappear
within 15years (14).Most studies of extinctions from
forest fragments have focused on birds (11–14), and
little is known about the sensitivity of other tax-
onomic groups.
We surveyed small mammals on forest islands
in a reservoir five separate times after isolation to
assess the rate of species loss from forest frag-
ments. Reservoirs can form useful natural labora-
tories to estimate extinction rates from isolated
forest patches (15, 16). Chiew Larn Reservoir in
southern Thailand was formed in 1986–1987
when 165 km2 of forest was flooded, creating
over 100 islands in the process (Fig. 1) (17).
We selected 16 islands in the reservoir ranging
from 0.3 to 56.3 ha in area and surveyed small
mammal communities 5 to 7 years (for 12 of the
16 islands) and 25 to 26 years after isolation.
Chiew Larn Reservoir is surrounded by two
protected areas that form part of the largest
(>3500 km2) contiguous forest area in southern
Thailand. All surveyed islands were unoccu-
pied by humans (18).
We found that native small mammal commu-
nities disappeared rapidly after fragmentation.
By 5 to 7 years after fragmentation, three large
islands in our sample (10 to 56 ha) sustained 7 to
12 species of small mammals (Table 1), which was
similar to diversity found on the nearby mainland
(table S3) (19). However, on nine small islands
(<10 ha), species richness rapidly declined to
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just one to three species during these initial sur-
veys. After 25 to 26 years, native small mammals
had virtually disappeared from all 16 islands
(Fig. 2, figs. S1 and S2, Table 1, and table S1).
Species richness on islands was most strongly
correlated with area, but there was an important
contribution of time since isolation, as well as a
weak negative interaction between area and time
since isolation (table S2).We also surveyed small
mammal communities in the mainland forest sur-
rounding the reservoir and detected no similar
decrease in diversity (table S3).
To describe the process of biotic relaxation
over time for our islands of different size, we de-
rived an island biogeographic model. The model
included both immigration and extinction, which
are negatively and positively proportional to the
number of species on the islands, respectively
(18). The model estimates the number of species
occupying forest fragments before isolation and
calculates the rate of extinction. The best-fitting
model was
St = 0.751 – (0.751 – 2.223a
0.482)e–0.0732t (1)
where St is the number of species at time t, a is
island area, and t is time since isolation. This
model fitted our data well (coefficient of determi-
nation = 0.783, fig. S3) and predicted that, be-
fore isolation, the largest island (56 ha) had 15.5
species and the smallest island (0.3 ha) had 1.2
species. For all islands, the mean time to extinct-
ion of half of the resident species (t1/2) was 13.9 T
3.9 years. Full relaxation to just one species was
projected to occur within 40 years, regardless of
fragment size (Fig. 3A). To determine the sensi-
tivity of these results to the choice of underly-
ing model, we also constructed a variant of the
extinction-immigration component and considered
twoother species-area relationshipmodels (Kobayashi
Fig. 2. Small mammal species richness per
transect in large (10.1 to 56.3 ha, n = 7)
and small (0.3 to 4.7 ha, n = 9) islands 5 to
7 years and 25 to 26 years after isolation.
Plotted are median values, interquartile ranges, and
full ranges (outliers are plotted as open circles). The
upper dashed line represents the number of small
mammal species found in surrounding mainland
forest (table S3).
Fig. 1. Islands sampled in Chiew Larn Reservoir, Thailand. The reser-
voir is surrounded by protected forest areas in Khao Sok National Park to the
south and west (shaded dark green) and Khlong Saeng Wildlife Sanctuary to the
north and east (shaded light green). The 12 islands sampled during all surveys
are labeled by island number [in the sense of (19)], and the additional four
islands surveyed in more recent surveys are labeled X1 to X4. The dam is located
in the lower right corner of the figure. The location of the reservoir in southern
Thailand is shown in the regional map inset.
Table 1. Number of small mammal species
found on islands 5 to 7 years and 25 to 26 years
after isolation. The maximum number of species
observed on each island is reported. Islands X1






(5 to 7 years)
Richness
(25 to 26 years)
6 56.3 12 5
5 12.1 9 3
9 10.4 7 1
28 4.7 2 2
7 1.9 3 2
33 1.7 1 1
3 1.4 2 1
41 1.1 3 1
39 1.0 3 1
40 0.8 2 1
2 0.4 2 1
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and Gleason) in addition to the Arrhenius power-
law model; results differed little from those de-
rived above (18). Our modeled extinction rates
are similar to those observed by Ferraz et al. (14),
who found that 100-ha forest fragments in the
central Amazon lost half of their understory bird
species in less than 15 years. However, our results
diverge with the unexpected finding that species
diversity declined faster on larger than on smaller
islands (Fig. 3B), with the former having a shorter
extinction half-life (Fig. 3C). This is a consequence
of the catastrophic faunal collapse we documented
across the entire archipelago of fragments, so that
larger islands, which initially sustained the most
species and themost forest specialists, exhibited the
most rapid rate of species loss.
With few exceptions, only the Malayan field
rat Rattus tiomanicus remained on islands 25
years after isolation (table S1). Commensal ro-
dents such as R. tiomanicus are among the most
common invasive species worldwide and often
have a devastating effect on native fauna, par-
ticularly birds (20–23). R. tiomanicus does not
occur naturally in undisturbed tropical forests
of Southeast Asia, but is common in secondary
forests, agricultural areas, and villages (24) and
probably spread from such habitats to islands
and reservoir fringes after inundation. By the
time we had resurveyed islands 25 to 26 years
after isolation, few native small mammals re-
mained (just 13 and 9 individuals, respectively,
were detected on the 16 sampled islands, not
including the invading R. tiomanicus; table S1).
At that point, all islands were dominated by the
invasive rodent and if not already in ecological
meltdown (25), were well on their way to becom-
ing Rattus monocultures.
Small forest fragments can play important
conservation roles in some contexts (26), includ-
ing enhancing landscape connectivity and sus-
taining locally endemic species in regions such
as Madagascar and the Brazilian Atlantic Forest,
where most native vegetation has vanished. In
these highly fragmented regions, however, mam-
malian communities can disappear rapidly, as
has been observed for medium- and large-sized
mammals in the Brazilian Atlantic Forest (27).
In fact, regional estimates of extinctions from de-
forestation are probably worse than previously
thought, because studies applying species-area
curves have assumed that the persisting forest
was contiguous (28). Additionally, exotic species
such as R. tiomanicus are rapidly expanding into
human-transformed and regenerating forest land-
scapes that increasingly dominate many trop-
ical regions (29) and appear capable of sharply
accelerating extinction rates in some fragmented
landscapes. Hence, our findings, in which frag-
ments were invaded and evidently profoundly
destabilized by an invasive species, have consid-
erable relevance for nature conservation in frag-
mented habitats globally. The apparent synergism
between habitat fragmentation and species inva-
sion underscores a dire need to maintain large
intact forest blocks to sustain tropical biodiver-
sity (4, 30).
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Fig. 3. Lossof species
from forest fragments
of various sizes based
onmodel (1). (A andB)
Number of species re-
maining and number
of species lost per year
on fragments after time
(in years) since isola-
tion. (C) Time to ex-
tinction of half of the
species (t1/2) initially
present on forest frag-
ments according to frag-
ment area.
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Materials and Methods: We surveyed islands in Chiew Larn Reservoir in Surat Thani province, 
Thailand 5-7 years following isolation (1992-1994) and 25-26 years following isolation (2012-
2013). We selected islands of various sizes (< 1 to > 50 ha) in remote parts of the reservoir, 
mostly in the upper reservoir where there are more islands and where there is little human 
disturbance. We did not survey islands where there was any human presence. The same 12 
islands were sampled during both time periods, but most were small islands (Table 1). To ensure 
findings from the large islands were representative, we also sampled four additional large islands 
in the most recent surveys. 
We used trapping transects to survey small mammal communities. Sampling effort was 
roughly proportional to island area (log10 transformed), such that there was 1 trapping transect on 
small islands (~ 1 ha), 4-5 transects on medium islands (~ 10-25 ha), and approximately 8-10 
transects on large islands (~ 50 ha) (31). Consequently, larger islands were sampled more 
intensively than smaller islands on an absolute basis, but less intensively per unit area. Trapping 
transects spanned 135 m. In each transect, 10 Tomahawk live traps were placed on the ground at 
every 15 m, and 4 Sherman live traps were mounted on lianas or fallen trees 0.5-2 m above the 
ground every 45 m. Traps were baited with a mixture of bananas and coconut pieces covered in 
peanut butter. Each island was sampled for seven consecutive days and traps were checked 
before 11:00 am to ensure the safety of trapped animals. 
Captured animals were handled briefly for identification, marked using ear tags, and 
released unharmed within a few minutes. Species were identified using a regional guidebook 
(24). To identify the Rattus species dominating islands in the reservoir, we collected tissue 
samples from multiple sites in the reservoir; all individuals were identified as Rattus tiomanicus 
by J-F. Cosson using genetic markers. 
To compare the number of species on islands between different sampling periods, we 
applied a generalized linear model with a gamma error distribution and log-link function to 
account for the non-normal nature of our response variable and for predictor heteroscedasticity. 
We compared and ranked models using Akaike’s information criterion corrected for small 
sample sizes (AICc), an information-theoretic index of model probability (32, 33). We assessed 
each model’s relative probability using AICc weights (wAICc) and its structural goodness-of-fit 
via its percent deviance explained (%DE). 
We developed an island biogeographic model to predict the number of species on forest 
fragments after time since isolation. Before isolation, the equilibrium number of species on an 
island is assumed to follow a power-law model (34) 
𝑆0 = 𝑐𝑎𝑧       (S1) 
whereby S0 is the initial number of species on an island before isolation, a is the area of the 
island, and c and z are constants. Simple power-law species-area relationships generally perform 
best across datasets (35). 
The theory of island biogeography postulates that the change in the number of species on 
an island would be 
𝑆𝑡+1 = 𝑆𝑡 + 𝐼 − 𝐸      (S2) 
where St+1 and St are the number of species at times t+1 and t, respectively, I is the number of 
new species immigrating to an island during the elapsed time interval (t, t+1), and E is the 
number of extinctions (including permanent emigration) on an island during the elapsed time 
interval. There are several ways to define I and E. For example, they can be functions of island 
size and the number of resident species on the island. The number of parameters can quickly 




= 𝐼0(𝑆𝑚 − 𝑆)  − 𝐸0𝑆     (S3) 
whereby Sm is the species pool on the mainland, and I0 and E0 are immigration and extinction 
rates. This leads to 
𝑆𝑡 = 𝐼0𝑆𝑚𝐼0+𝐸0 − � 𝐼0𝑆𝑚𝐼0+𝐸0 − 𝑆0� 𝑒−(𝐼0+𝐸0)𝑡    (S4) 
where S0 is the richness on an island before isolation, as defined by model (S1) as the equilibrium 
number of species of the original system. Substituting model (S1) into the above equation and 
simplifying notation, we obtain 
𝑆𝑡 = 𝑠∞ − (𝑠∞ − 𝑐𝑎𝑧)𝑒−𝑘𝑡     (S5) 
where s∞ is the number of species at relaxation (i.e., when t→∞). The derived model presented in 
the main text fits our data well (R2 = 0.783; Fig. S1). 
We also considered other species-area relationship (SAR) models for S0 in model (S1) 
and replaced the power-law S0 in models (S4) and (S5) by those models. Two particular models 
that have been used to model SAR for relatively small areas (as in our study) are the Gleason 
(𝑆0 = 𝑐 + 𝑧log(𝑎)) (36) and Kobayashi models (𝑆0 = 𝑐log(1 + a 𝑧⁄ )) (37). With the Kobayashi 
SAR, model (S5) fit the data as well (R2 = 0.783) as the power-law model (see below and Fig. 
S1), but model (S5) with the S0 Gleason SAR substitution provided a poorer fit (R2 = 0.704). We 
therefore only present results based on the more common power-law model in the main text. 
We completed all statistical analyses and figures using the R statistical package, version 
2.12.2 (38). 
  
Fig. S1. Rarefied small mammal species richness in large (10.1-56.3 ha, n = 7) and small (0.3-
4.7 ha, n = 9) islands 5-7 years (dark tones) and 25-26 years (light tones) following isolation. 
Rarefaction was based on 10 samples for each island; islands with fewer than 10 individuals 
were excluded. We also used rarefied levels of 5 and 8 individuals, but the results remained the 
same and are not reported. Plotted are median values, interquartile ranges, and full ranges. The 
upper horizontal dashed line represents the number of small mammal species found on the 
mainland (Table S3). 
 Fig. S2. Mean small mammal species richness per transect in large (10.1-56.3 ha, n = 7) and 
small (0.3-4.7 ha, n = 9) islands 5-7 years (dark tones) and 25-26 years (light tones) following 
isolation. Plotted are median values, interquartile ranges, and full ranges. The upper horizontal 
dashed line represents the number of small mammal species found on the mainland (Table S3). 
  
 Fig. S3. Predicted vs. observed number of species on forest fragments. Predicted number of 
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Table S1. Small mammal abundance and richness per transect on islands in Chiew Larn 
Reservoir. Three sampling periods were made 5-7 years following isolation (1992-1994), and 
two were made 25-26 years following isolation (2012-2013). Total species richness per transect 
is listed in the final column. 
  
Model LL k ΔAICc wAICc %DE 
~isolation+area+isolation×area -80.830 4 0 0.684 62.2 
~isolation+area -82.782 3 1.546 0.316 60.0 
~area -96.509 2 26.723 <0.001 39.7 
~isolation -104.548 2 42.620 <0.001 24.0 
~1 -113.973 1 59.448 <0.001 - 
Table S2. Predictors of species richness for forest fragments (years since fragment isolation and 
island area). Shown are the top-ranked generalized linear models testing five potential 
predictors. Included for each model is maximum log-likelihood (LL), number of parameters (k), 
change in Akaike’s information criterion corrected for small samples relative to the top-ranked 
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Table S3. Small mammal abundance and richness on mainland control sites surrounding Chiew Larn Reservoir. Order, family, and 
species names are listed. The three same sites were surveyed 5, 6, 7, and 25 years following isolation (1992-1994, 2012); a different 
site was surveyed 26 years following isolation (2013) due to changes in the direction of research. All sites were located adjacent to the 
reservoir and within a few kilometers from other island sites. Sampling methods were identical to those used on islands (18). Total 
species richness per site is listed in the final column. Rattus tiomanicus does not occur naturally in undisturbed forest surrounding 
Chiew Larn Reservoir; all other species are native. 
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